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Preface 
The 4th International conference on environmental impacts of the pulp and paper 
industry continues the tradition of the specialized conferences in this field. It fol-
lows the three previous ones held in Stockholm 1991, Vancouver 1994 and Ro-
torua 1997. In Stockholm the emphasis was on chlorinated substances and their 
suspected responsibility for effects observed in aquatic organisms in both field 
and laboratory studies. In Vancouver there was a major change of emphasis from 
chlorinated organic material to non-chlorinated compounds such as wood extrac-
tives and/or their metabolites. In Rotorua concepts such as the minimum impact 
mill as well as Best Available Technology were discussed. There was also a con-
sensus that compounds originating from the wood raw material or their metabo-
lites are those responsible for the environmental effetcs. In the three conferences 
the main emphasis was on aquatic environment. During the past decades the emis-
sions to the receiving waters have continuously decreased despite of the growth 
of production. In the future the importance of introducing a broader perspective 
on the environmental impacts as a whole will grow. The 4th conference will focus 
on the integrated approach of impacts originating from effluents, solid wastes and 
airborne emissions of the pulp and paper industry. The aim of the conference is to 
introduce a holistic evaluation of the newest technology and the environmental 
impacts of the emissions. It will provide a forum to present and discuss current 
issues and future challenges. 
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EU's environment and prospects: 
measuring progress with 
"integration" 
David Stanners 
European Environment Agency 
Copenhagen 
At its meeting in Cardiff in June 1998, the European Council called for its respec-
tive Councils to develop strategies to integrate the environment into their policies 
and to develop indicator sets to support assessment of progress. Sectoral indica-
tors can be used to describe progress made in individual sectors, but they also 
serve to compare sectors. The Agency's recently published "Signals 2000" indica-
tor-based report uses a restricted selection of indicators to plot progress in the 
environment and with integration. The results point to movements away from 
targets in the transport and energy sectors; in both sectors price incentives run 
counter to the targets. In agriculture, the indicators suggest continued intensifica-
tion on the one hand, and an increase in agri-environmental management (in lim-
ited areas) on the other. Other sectors and policy fields, including industry, devel-
opment and the internal market, have also been urged to produce strategies for 
the integration of environmental concerns and to develop indicators to follow 
progress. However, there has been little development so far in these areas and 
thus no overview yet exists. 
Sector indicators and traditional environmental indicators exist side by side 
and are interrelated. Issue indicators on pollutant emissions can show sectoral 
contributions, while sector indicators can show the evolving contribution of a sec-
tor to environmental issues. Sector indicators show links between the activities of 
societal sectors and the environment. Although the sectors differ considerably, some 
common features in the integrationrp ocess can be identified. These factors, if 
measured, can give greater insights into progress with means of integration com-
pared with indicators which focus on results. These aspects include: 
The determining characteristics in the size and shape of the sector with re-
gard to the environment and their development over time; 
The eco-efficiency of the sector; 
The progress in implementing integration measures: market integration, 
management integration and institutional integration. 
To make an integrated assessment of a sector like the pulp and paper industry, this 
type of information is a useful complement to information on impacts since it 
informs the sector about the efficacy of measures being taken or in the pipeline but 
which might not yet have fed through to improvements in the environment. Meas-
ures of eco-efficiency are key to focus on as a metric for the link between driving 
forces and pressures (eg., between total output of the sector and the resulting emis-
sions or other pressures on the environment). Improved eco-efficiency allows for 
continued expansion of the industry with declining environmental impacts. For a 
complete picture, downstream effects of products on the environment should also 
be included. 
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New challenges for the pulp and 
paper industries in Europe 
0. 0 0 0 0 .................. t 0 0 M 0 0 0 0 M 0 0 0 M 0 in M■. 0 0 0 0. 
Hannu Nilsen 
UPM-Kymmene Group, Finland 
Structure, fiber sources and emissions of the pulp and paper industry are presented. 
Challenges, rising from changes in the legislative and other framework conditions as well 
as value systems are discussed. 
I Introduction 
Now, in the year 2000, the pulp and paper industries in Europe are faced with new 
challenges, but also with new attention. Our industry is also challenging the gen-
eral public and authorities to recognise its achievements, importance and status. 
The pulp and paper industry is not a dying smokestack industry. It is an industry 
developing and utilising the best in technology and management to further im-
prove its sustainability. In describing the industry, we advance 
• from an industry bigger and better than it is perceived 
• through an industry managing its product life cycle 
• to, finally, an industry aware of drivers to change, understand and act 
2 Perceiving the forest industry of Europe: 
An integrated component of the European Union and 
Western European competitiveness 
Our industry is integrated into the very fabric of the European Union. Its political 
and economic importance as an employer, technology development driver and 
environmental forerunner were recently recognised in the European Commission 
"Communication on the Competitiveness of the Forest-Based Industries". A com-
munication of this type outlines the general policy of the European Commission 
in regard to the industry examined. According to Commissioner Erkki Liikanen, 
this Communication may be the last of its kind. It is also the first of its kind, cut-
ting across industries. The emphasis is on the so-called forest cluster: pulp, paper 
and board; mechanical wood and furniture; printing and publishing. 
The forest cluster (fig. 1) has, in a way, been one of the best-kept secrets of 
European industry. As can be seen, the forest cluster is a conglomerate of indus-
tries joined together by the chemical and mechanical forest industry. The printing 
and publishing, chemical and energy sectors are of particular importance. 
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Fig. /.The forest cluster. 
The true extent of the cluster was only recently revealed. In studies conducted in 
connection with the Communication and the Finnish Forest Cluster Project, the 
size and importance of the cluster were for the first time examined in earnest. 
What emerged was (fig. 2) that the cluster can be ranked as number one among all 
European branches of industry. It surpassed e.g. the motor vehicle and basic chem-
icals industries. 
Food products and beverage 
Forest cluster 
Motor vehicles, trailers 
and semi-trailers 
Basic metals 
Pharmaceuticals, medicinal 
chemicals and botanical products 
Basic chemicals 
106 
116 
82 
42 
32 
46 
0 	20 	40 	60 	80 	100 	120 
Value Added, EUR billion 
Fig. 2. The significance of the Forest Cluster in Europe. 
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In characterising the industry, the following viewpoints can be given: capacity, 
product range, age, location. 
The production capacity of the industry is distributed as follows (fig. 3): North 
America has a small lead, but Western Europe is in strong second position with 
27% of the global capacity. 
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Fig 3.The global paper and board production 1998. 
The product range of the industry in Western Europe has a distribution (fig. 4) 
where, among individual groups, corrugated materials leads. However, grouping 
printing & writing paper grades into the same category would produce a different 
result. 
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Fig. 4. Production and Consumption of Paper and Board Grades in Western Europe 1998. 
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Countrywise, the leading producer country is Germany followed by Finland and 
Sweden. This picture (fig. 5) would change, if the ownership structure were used 
instead. 
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Fig. 5. Pulp, paper and board production in Europe by country (CEP! 1999). 
Among leading producers, the situation has changed strongly in the last few years 
and even this year. 
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Fig. 6. Leading producers in Western Europe 2000/1. 
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Finally, looking at the import/export balance by grade (Fig. 7), we see a strong 
export orientation for cartonboards and most paper grades. 
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Fig 7. Net trade by grade, Western Europe 1998. 
We can summarise the picture that emerges: 
• The pulp and paper industry of Europe is one of the keys to European com-
petitive ness 
• It has a diversity in product range and distribution of mills that distin-
guishes it from other regions 
• It harbours both the latest in large, technologically advanced mills and spe-
cialised niche producers 
3 Managing the life cycle of the industry's products. 
An integrated process from the forest to the markets 
A special theme of this conference is the integrated viewpoint. The integration of the 
industry into the European Union industrial structure has already been shown. Of 
greater significance environmentally is the unique way in which our industry 
manages its product life cycle from the forest to the markets. This applies to re-
sources, processes, waste and emissions. 
Managing the resources of the industry 
Fibre and energy are key resources for the industry. To an increasing degree, these 
resources are being managed in an integrated fashion. This is natural, as 
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• The fibre loop of Europe has evolved into an integrated blend of primary fi-
bre and recovered paper 
• The best environmental solution for fibre is to utilise it as product raw ma-
terial whenever economically feasible and use it as an energy source at the 
end of its life cycle 
• Fibre becomes energy, and different products utilise different amounts of 
energy 
The industry thus faces an optimisation problem. It has to balance the fibre mix. It 
has to balance its energy sourcing. Finally, it has to combine these two. 
The fibre mix of the European pulp and paper industry (fig. 8) contains great 
variety in the primary fibre/recovered paper ratio. This is as it should be. The 
products have different properties. Different properties demand different fibre 
furnishes. A financially and environmentally competitive industry is able to achieve 
the right balance. This is common sense backed up by scientific research. 
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O m 	Newsprint 
W w a 
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Million tons 
Fig. 8. The fibre mix of the Western European pulp and paper industry. 
Numerous studies on the environmental merits of recycling vs. incineration have 
been conducted. Fortunately, the answer that emerges from the balanced studies 
matches the common sense answer. There should be no competition between re-
cycling and incineration. Both are environmentally valid options. Instead, the an-
swer is the right choice at every decision point based on economic and market 
reasons. According to a study commissioned by CEPI, one of the greatest threats 
to this fibre balance is the demand for so-called "minimum recycled content quo-
tas". The idea of quotas, while well-intentioned in itself, completely misses the 
crux of the problem. When ecosystems are analysed, biodiversity is emphasised. 
The solution is not forcing each organism — mammals, insects, bacteria — to be the 
same and perform the same role. Analogously, the ecosystem formed by the paper 
industry is not made sustainable by forcing each mill and each grade to be the 
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same. It is up to the creative force and research of the industry to come up with the 
solutions to complex problems, but this creativity must not be chained by detri-
mental regulation. 
The energy mix, similarly, varies to a large degree. The mix by country (fig. 
9), company and mill depends on many circumstances, and there is no universal 
solution. The emphasis on renewable energy in e.g. European Commission policy 
will over time modify the structure of energy procurement across society. The for-
est industry is already a user of renewable resources and, therefore, highly suited 
to react to the demands. 
= 1. Coal >25%* 
0 2. Only Oil > 25% 
3. Gas > 25 %* 
4. Nuclear > 25% ` 
5. Hydro >25 % * 
*the share of oil can also be over 25 % 
U 
Fig. 9. Energy mix by country (national level, not only the pulp and paper industry). 
The combined fibre and energy mix will, in the future be of increasing environ-
mental and competitive significance. The companies that are able to use and adapt 
an optimal mix of fibre and energy will have an advantage — not least in regard to 
the demands following from the Kyoto protocol. 
Managing the processes of the industry 
The emphasis in processes has been on pulp and, more specifically, bleaching. The 
issue of chlorine and the resulting shift from chlorine bleaching to ECF and TCF 
was for the industry an exercise in reacting quickly to pressures from the markets. 
The chlorine issue can be characterised as a sleeper: it crept up again this year in 
parts of Europe and the industry. ECF vs. TCF is probably, in many respects, a 
similar issue as recycling vs. incineration. Absolute zero levels of chlorine cannot 
be reached, as chlorine as an element will be present in the raw material no matter 
what is done. The question is how close to zero to draw the target line. 
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In this conference, the impact of pulp mill effluents on downstream organ-
isms is a theme which has been researched widely and thoroughly. The results 
will be put forward in many presentations of high quality. Fewer presentations 
deal with the combined impacts of processes to different media. Matter is inde-
structible, but it can be converted. Taking something out of the effluents does not 
mean that it disappears into thin air. On the contrary, it often appears in the air, as 
atmospheric emissions. The process link between effluents, emissions to air and 
solid waste needs all the attention we can give it. 
Managing waste and emissions 
Waste 
According to some definitions, recovered paper is waste until it is actually pulped 
and enters our paper machines. Waste management is a topic where it is evident 
that landfill is the worst option. However, the waste loop is linked to the fibre 
loop. Furthermore, ways to utilise by-products and actual waste as raw materials 
for other industries offer promise. An example of how this thinking is nothing 
new: already for decades, effluent treatment plants have utilised ferrosulphate. 
The latter is a waste product from the chemical and metals industry, most of which 
is formed during the production of titan dioxide. Using gypsum waste as raw 
material for gypsum boards and pigments is a slightly later development. 
Emissions in a wide perspective: from forest management to disposal 
Looking at emissions, we can take a wider, integrated, life cycle perspective and 
start at the beginning, forests. According to the environmental NGO WWF, which 
does regular ratings of European forest management, Switzerland, Finland and 
Austria were top-ranked for their performance in 1998. 
The results of WWF's ranking of European countries from the 
point of view of their forest status, management and policies. 
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Fig. 10. European forest rating by WWF (1998). 
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We can combine three key environmental issues into the same chart (fig. 11): change 
in forested area, recovery rate and emissions. As can be seen, there is a division in 
two: Asia and South America on the one hand, and Europe and North America on 
the other. In the best corner, Finland and Sweden taken separately perform best in 
emissions (light grey signifying the lowest levels, dark grey the highest). 
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Fig 11. Key issues by region. 
Fig 12. is a more detailed look at emissions. In it, the global proportions of pulp 
and paper capacity and some emission parameters haven been calculated. Europe 
can be said to lead, but inside Europe, Finland and Sweden form a special best 
practice group. 
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Fig. 12. Global comparison of pulp and paper industry mill emissions. 
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Finally, as energy efficiency is a key element e.g. for the reduction of greenhouse 
gases, the efficiency of power production in the forest industry on-site power plants 
can be used as a measure. 
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Fig 13. The efficiency of power production in forest industry's on site power plants. 
Again, we can summarise the picture that emerges: 
• The pulp and paper industry of Europe is second to none in environmental 
perfor mance, whatever the key criterion 
• This is the result of the strongest research, the best cluster cooperation and 
listening to market messages 
• We should not give up this advantage 
4 Challenges to the industry:A need to change, 
understand and act in an integrated fashion 
Finally, a conference such as this is the time to reflect on the industry's need to 
change, understand and act. Much of the research here is the direct result of exter-
nal drivers. Whatever these drivers are, there are many issues we need to under-
stand before we can act in translating our knowledge to real-world implementa-
tions. 
A need to change: drivers 
We can distinguish between three types of drivers to change: regulatory, market 
and industry-internal. 
Regulatory drivers are many, e.g. 
• The EU Integrated Pollution Prevention and Control (IPPC) Directive and 
the closely linked Best Available Techniques (BAT) 
• Ecolabels and public procurement guidelines 
• Environmental management systems 
• Energy-linked issues such as climate change and waste incineration 
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The IPPC issue fits best in with the theme of this conference: integration. We have 
a directive, yet we are far from understanding how to control emissions to all 
media simultaneously and in a balanced way. Hopefully, the presentations in this 
conference will shed light on these issues and show where more research is needed. 
Ecolabels and public procurement guidelines have so far often been linked to 
the chlorine bleaching and recycled fibre content issues. So-called "Green energy" 
is another significant topic for labels, though the definitions vary. Unfortunately, 
these initiatives show very little of the integrated spirit, and instead often point in 
the opposite, single-issue direction. It is one of the tasks of independent research 
to convince regulators and other people of the need of the change of viewpoint. 
Environmental management systems, again, can be seen as an operational tool for 
bringing greater integration to mill management. 
Finally, the Kyoto protocol and its demands on reduction in greenhouse gas 
emissions link to e.g. regulation on the incineration of waste. What the Kyoto is-
sue leads to is unclear at this moment. However, the role of growing forests as 
carbon sinks should be emphasised and researched to its fullest extent. 
Market drivers such as stakeholder relations, corporate image and transpar-
ency only emphasise the need for research. The results of impartial research can be 
communicated to stakeholders. Impartial research is by its very nature transpar-
ent. Corporate image is enhanced by sponsorship of impartial research. 
Industry-internal drivers such as globalisation and consolidation are also fur-
ther drivers for an integrated approach. Global companies spanning continents 
must in their activities master the conditions of all regions. 
Now, to combine the above, our industry has to take into account all of these 
drivers simultaneously. That is perhaps the greatest challenge of all. 
A need to understand: international research and development 
needs 
There is a very simple message: before we act on the drivers, we must understand 
in what direction they are trying to lead us. However, it is not always easy to bring 
this message across, and market pressure sometimes acts on a different time sched-
ule. From the entries sent in to this conference, we can form an excellent picture of 
research currently being done in and for our industry. From that picture, we should 
estimate the directions where we need to go next. Eco-efficiency is a research topic 
being discussed intensely. It is defined as value added per environmental impact. 
We should also consider the eco-efficiency of our research. That is: how much 
value added can we create, how much can we reduce environmental impacts by 
going into details in a particular research direction? 
A need to act: translating knowledge into real-world 
implementation 
However, we can and should be confident. The pulp and paper industry has al-
ways responded to its challenges and will do so now. This conference deals with 
increasing the understanding. It is the task of the industry to apply this under-
standing to its actions. 
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Environmental challenges for the US 
forest products industry - millennial 
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Reid Miner 
NCASI, P.O.Box 13318, Research Triangle Park NC, 27709-3318, USA 
(The views expressed herein are those of the author and not necessarily NCASI or its 
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Abstract 
The environmental challenges of the next decade and beyond will be greatly influ-
enced by population growth, increasing standards of living, heightened quality-
of-life expectations, globalization, rapid technological change, and diminishing 
returns on environmental expenditures in developed countries. In this paper, some 
of the implications of these forces are examined. 
I Introduction 
As we peer into the new millenium, it is clear that the world is changing rapidly 
and that the environmental challenges we face as an industry in the next decade 
and beyond will not be the same as those we confronted a decade ago. In the spirit 
of the time, and with the hope that it will generate additional speculation, I offer 
the following thoughts on the environmental challenges of the coming decade. I 
begin with the proposition that the environmental landscape of the future will be 
shaped by five identifiable forces: population growth, increasing standards of liv-
ing, globalization, rapid technological change, and the law of diminishing returns. 
2 The forces at work 
2.1 Population growth 
The United Nations projects that global population will reach almost 7 billion in 
2010 and 9 billion in 2050, compared to 6 billion today. (United Nations, 1998) 
Even at current per capita consumption levels, the demand for manufactured goods 
will increase significantly and the land area and resources needed to support the 
required manufacturing base will be under increasing pressure. 
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2.2 Increasing standards of living 
Global standards of living are increasing. World Bank statistics indicate that glo-
bal output has approximately quadrupled since 1975. Nor is the improvement 
due only to growth in the developed countries. Between 1975 and 1998, per capita 
GDP in China, India, and Indonesia grew at average annual rates of 7.5, 3.2, and 
4.2 percent, respectively, while the US grew at an average annual rate of 1.7%. 
(World Bank, 1999a) The improvements in the human condition are measurable in 
other ways as well. Between 1980 and 1997, the global under-5 mortality rate de-
creased from 125 per 1000 to 79 per 1000, still a very high number by developed 
country standards (under 10 per 1000) but a dramatic improvement none-the-less. 
Life expectancy at birth is increasing throughout the world, with the notable ex-
ception of those areas struggling with war, AIDs, and/or debilitated economies in 
the sphere of influence of the former Soviet Union. (World Bank, 1999a) 
We can be hopeful that the improvements in the human condition will con-
tinue, but we must also recognize that these improvements bring increased per 
capita demand for manufactured goods, including forest products, as well as height-
ened quality-of-life expectations. The implications for energy demand, for instance, 
are impressive, with per capita energy consumption more than tripling as a coun-
try goes from a per capita GDP of $2000 to $10,000 or more. (Judson 1999) Over 
this same GDP range, a five to ten fold increase in per capita paper consumption 
might be expected. (paper consumption data from Routson 1998)(GDP data from 
World Bank 1999a) 
2.3 Globalization 
According to World Bank statistics, between 1987 and 1997, international trade in 
goods increased from 20.6% to 29.6% of global GDP. We are rapidly approaching 
the point where fully one-third of global output will be connected to international 
trade in goods. (World Bank, 1999b) Although the economic impact of globaliza-
tion is inarguable, it would be a mistake to overlook the profound impact of glo-
balization on cultural and social concerns. Indeed, it can be argued that the most 
profound challenges to continued expansion of international trade and the attend-
ant improvements in global living standards will arise from discomfort with cul-
tural and social changes wrought by globalization in both developed and devel-
oping countries. 
2.4 The pace of technological change 
Although difficult to quantify, it is hard to dispel the notion that technological 
change is occurring at a pace unprecedented in human history. This is crucially 
important to environmental issues for two reasons. First, new technologies in them-
selves offer new environmental opportunities and challenges. At least as impor-
tant, however, are the human reactions to rapid technological change. It is some-
times said that pain and progress are inseparable. 
2.5 The law of diminishing returns 
Environmental releases from the US forest products industry have been the target 
of a series of national regulations dating back to the early 1970s and progressing 
through current, and still-being-developed, standards on discharges of "toxics" to 
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air and water. Even in the absence of new regulations, the US industry has made 
progress. Releases of BOD and TSS, for instance were reduced by 34% between 
1988 and 1995 even without new regulations requiring reductions. Requirements 
for additional reductions are increasingly difficult to justify economically, espe-
cially in the absence of demonstrable environmental quality problems attributable 
to the releases. 
3 Speculation on the environmental challenges arising 
from these forces 
3.1 Raw material availability 
Over the near term, the greatest threat to US fiber supplies is Federal regulation of 
private forestry under the Clean Water Act and Endangered Species Act. (Lucier, 
2000) In the longer term, population growth will continue to result in pressures to 
convert forest land to other uses and, as population density increases, demands 
for access to "natural space" will intensify. Yet, as the industry attempts to make 
more productive use of a smaller land base by employing, for instance, fertiliza-
tion and chemical weed control, or by developing genetically superior trees, new 
environmental issues will surface. The environmental questions connected to in-
tensive forest management will require continued, and probably increased, atten-
tion by environmental professional in coming years. 
3.2 Confronting trade-offs and uncertainty 
Inevitably, as the costs for additional controls escalate and the incremental bene-
fits diminish, the need for additional control is being scrutinized as never before. 
As this occurs, it is becoming clear that most of the easy choices are behind us. It is 
no longer uncommon to be confronted with control options that reduce releases of 
one pollutant at the expense of a different pollutant. Such situations will become 
increasing common in coming years and public policy makers will increasingly 
need technical information presented in a way that clarifies the trade-offs involved. 
Life Cycle Assessment and its variants will have a growing role in this regard. 
In addition to involving trade-offs, the issues being confronted by today's 
environmental professionals are enormously complicated and the risks and bene-
fits of alternative courses of action are often uncertain. Faced with this uncertain-
ty, and already uncomfortable with the current pace of technological and social 
change, the public appears to be holding industry to ever higher, sometimes im-
possibly high, standards of proof - standards which are often greatly influenced 
by local cultural values and parochial economic interests. Tomorrow's environ-
mental professionals will find themselves increasingly challenged to address un-
certainty and meet societal expectations regarding standards of proof. 
3.3 The effects of globalization 
The past year has seen a chorus of calls for environmentally-based trade constraints 
to stop the so-called "race to the bottom." Many developing countries perceive 
trade-related environmental standards to be, at best, thinly disguised barriers to 
protect inefficient industries in developed countries, and at worst, a threat to na-
tional sovereignty. Developed countries, on the other hand, tend to assume that 
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such requirements are needed to ensure that foreign competition does not gain a 
cost advantage by avoiding pollution control expenses and causing environmen-
tal degradation that would be prohibited in developed countries. Further compli-
cating the situation is the fact that environmental threats, real and perceived, can 
vary from country to country and even from place to place within countries. Sort-
ing through the technical, political, and economic elements of global trade-related 
environmental issues will be an increasingly complex task in coming years. 
Environmental management systems have become, and will continue to be, a 
key element in the international environmental arena. Many US forest products 
companies have developed corporate environmental management systems and a 
small, but growing number are pursuing ISO 14001 certification for these pro-
grams. Performance certification, although not necessarily to ISO 14001, has been 
a particularly important issue for the US industry's forestry activities. Participa-
tion in the American Forest & Paper Association Sustainable Forestry Initiative 
(SFIsm) is now a requirement of membership in that organization and a number of 
corporations have elected to involve outside auditors in the SFI certification proc-
ess. Coming years will see broader application of environmental management sys-
tems in the US. 
It is widely predicted that, in the not-too-distant future, "commodity grades" 
(for lack of a better term) will be the domain of a handful of highly competitive, 
global pulp and paper companies. The consolidation implied by this is already 
underway and the effects on environmental professionals are predictable. Consol-
idation will result in fewer environmental positions in the industry and the mar-
ket pressures of a global, competitive, commodity industry will demand that en-
vironmental professionals, along with all other employees, continue to do more 
with less and strive to find ways to reduce costs. 
3.4 Speculation on US regulatory directions 
When the current round of regulations is in force, which could take a decade or 
more, essentially all of the releases from US pulp, paper, paperboard, and wood 
products operations will have been carefully scrutinized by EPA and those ame-
nable to control and/or of environmental significance will have been addressed. 
Although the industry's standards will be subjected to periodic EPA reviews to 
ensure that new technology is applied as appropriate, there are a number of rea-
sons to think that requirements for significant additional nation-wide reductions 
will not be quick in coming. First, there is no evidence that forest products indus-
try releases are a significant environmental problem in the US. Second, additional 
reductions would be very costly and would likely accelerate the migration of pro-
duction capacity offshore. Third, major additional reductions will increasingly be 
found to cause unwanted cross-media or life cycle impacts. Fourth, continued re-
ductions will occur without additional regulations due to modernization, mill clo-
sures, and voluntary reductions. 
While additional nation-wide technology-based requirements to reduce man-
ufacturing releases might be unlikely, a significant number of facilities will be im-
pacted by current EPA efforts to identify specific localities or regions that require 
protection beyond that provided by national air or water discharge standards. US 
companies might be impacted by concerns about both current releases and past 
discharges (i.e. "legacy" pollutants). 
US forest products industry companies are required to estimate and report 
annual releases of a large number of chemicals. In spite of their well known limita-
tions, these annual estimates are one of the most widely followed environmental 
indicators in the US. Consequently, companies are constantly searching for cost- 
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effective ways to reduce their reported emissions. This method of encouraging 
reductions has found favor in the US government and EPA continues to expand 
the scope of the program. 
3.5 The global climate change "wild card" 
While concerns about global climate change have caused heated debate, it is still 
unclear how countries will respond to these concerns. The forest products indus-
try occupies a unique position in these discussions by virtue of being a biomass-
based industry which uses significant amounts of both biomass and fossil fuels, 
co-generates substantial amounts of biomass-derived electrical power, and seques-
ters carbon in forests, products, and wastes. Over the next decade, this issue, per-
haps more than any other, bears watching due the potentially enormous impacts 
on forest management practices, production processes, and competitive positions. 
4 Summary 
It is not unreasonable to speculate that the forest products industry is entering an 
era that will be characterized by intense global competition, increased demand for 
goods and services, heightened quality-of-life expectations, and growing public 
discomfort with changes caused by rapid technological advances and globaliza-
tion. Some of the consequences will be continued pressures to reduce costs, and 
more intense challenges to "prove" the industry's environmental safety. In the US, 
the introduction of new technology-forcing environmental regulations may mod-
erate as an understanding develops that additional reductions are often unreason-
ably costly, accomplish little environmental gain, and are sometimes accompanied 
by unwanted environmental or societal side effects. Site-specific or regional envi-
ronmental quality concerns, however, will force a significant number of facilities 
to make reductions beyond those required by national technology-based stand-
ards. Even without a proliferation of new technology-based standards, pressures 
to reduce releases will continue, driven largely by corporate policies striving for 
100% compliance, continued voluntary reductions (especially in publicly disclosed 
releases), and operating cost savings. Forestry issues will become even more press-
ing as the available forest land base shrinks and new measures to enhance the 
productivity of available forest land come under intense public scrutiny. If require-
ments are put in place to address concerns about global climate change, the out-
look for the forest products industry could change dramatically and unpredicta-
bly. 
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Abstract 
Pulp and paper is basically made from renewable resources. The optimal uses of 
these resources to maximise the volume and quality of final products and their 
recycling with minimal environmental impact are the driving forces for future 
development. The chemical pulping industry is already today recycling and re-
generating most of their chemicals and producing energy far in excess of their 
own demand from its wastes. There is still room for essential progress in terms of 
increased energy production and reduced environmental load. Mechanical pulp-
ing which uses only half the amount of wood per produced fibre ton is still a major 
net consumer of external energy and so is paper and board making. Sixty percent 
of all paper and board produced today forms unutilized waste despite its huge 
energy potential. Forty percent is reused as recycled fibre. The whole chemical 
forest products industry could be made independent of external energy if 80 per-
cent of the currently dumped waste paper volume was used for energy produc-
tion through incineration. Recycling and reprocessing of waste paper for new prod-
ucts is, in many cases, environmentally questionable due to formation of new prob-
lematic waste streams and high energy demand. When efficient tree farming and 
forest management becomes acceptable practises one could eliminate fibre recy-
cling and turn the whole forest products industry into a major net energy produc-
er — all from renewable resources. 
Keywords: wood, energy, bio-fuel, environment 
I Introduction 
The world uses today —3300 million solid cubic metres of wood per annum. More 
than half of this quantity, —1800 million m3/a or —55%, is used as fuel or lost through 
slash and burn cultivation. The industrial use is —1500 million m3/a. Of this ,-900 
million m3/a goes to the mechanical wood industry and the remaining —600 mil-
lion m3/a or --18% of the total, directly to the pulp, paper and board industry. 
Virgin paper making fibers are made from those parts of the lumber that are 
not acceptable raw material for mechanical processing. About 40% of the timber 
flow to saw and plywood mills become waste. Of this —30% is classified as fuel 
and the rest used as raw material in the pulp and paper industry. There is a clear 
synergistic link between mechanical wood processing and the chemical forest prod-
ucts industry. 
The global paper and board industry uses 300 million tons of fibers per year. 
135 million tons (45%) are made chemically, mainly as kraft pulp and 45 million 
tons are made mechanically either as stone ground wood or thermomechanical 
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pulp. The recycled waste paper produces 120 million tons of good fibers per year. 
The recycling rate is —40% as a global average. The bulk of the remaining 60% or 
180 million tons per annum — a potential fuel — finds it way to dump sites. 
2 The global pulp and paper industry energy balance 
One can without exaggeration say that lumber used in the forest products indus-
try sooner or later becomes a potential fuel source. Wooden structures and furni-
ture as well as archive paper will come into the fuel cycle slowly while unutilized 
waste paper is immediately available. 
If one used the bio fuel potential of paper wasted efficiently one could make 
the global pulp and paper industry practically self supporting in terms of electri-
cal energy. Table 1 demonstrates this. It is assumed that 80% of theoretically avail-
able wastepaper is used as fuel in power stations to produce electricity at 30% 
conversion efficiency. 
The table includes four scenarios: 
• present mix of fiber use, 
• stop recycling of paper and make proportionally more kraft and mechani-
cal fibers, 
• stop recycling and make-up with mechanical pulp only, 
• stop recycling and make all required fibre with the kraft process. 
The table shows that the global paper and board industry could be made practi-
cally independent of external energy sources by efficient utilization of waste pa-
per for energy, already with the present production mix. 
Table I. Global Wood, Fibre, and Electrical Energy Scenarios'. 
Paper fibre demand 	 Million tons per annum 
Recycled and DIP 120 0 0 0 
Kraft Pulp 135 225 135 300 
TMP and CTMP 45 75 165 0 
Total 300 300 300 300 
Wood 331 551 457 630 
Electrical.energy demand TWh/a TWh/a IWh/a TWh/a 
Recycled and DIP 36.0 0 0 0 
Kraft Pulp -40.5 -67.5 -40.5 -90.0 
TMP and CfMP 99.0 165.0 363.0 0 
Paper and board 150.0 150.0 150.0 150.0 
Total demand 244.5 247.5 472.5 60.0 
Electrical energy 
generation from 
waste incineration 	 230.4 	384.0 	384.0 	384.0 
Excess/deficit(-) -14.1 136.5 -88.5 324.0 
A considerable power excess would emerge if paper recycling was stopped alto-
gether, but at the expense of increased wood use. The additional use of 220 million 
tonnes of wood would generate an electricity surplus of 137 TWh/a, which corre-
sponds to —16 power stations of 1000 MW/station. 
A similar balance for Finland (Table 2) shows that the fuel value of the Finn-
ish paper and board industry export exceeds the forest products industry's con-
sumption of power. 
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Table 2. A calculation of the energy value of the Finnish Pulp, Paper and Board exports'. 
Year 	 1990 	 2000 
Fibrous material in export 
"Fuel value" of export 
Heat value 
Oil equivalent 
Electricity potential (ri=  30%) 
Power (8000h/a) 
P&P industry power demand 
Wood demand 
million t/a 	 7.5 8.5 
million 	GJ/a 142.5 161.5 
Mtoe/a 3.5 4 
TWh/a [L9 13.5 
MW 1487 1687 
MW 1375 1558 
million m'/a 33.1 47.1 
3 Kraft pulping 
Kraft pulp mill data of table 1 assumes that all pulp is made in mills of good 1990s 
standard, with a net excess electrical energy production of 300 kWh/t. This is cer-
tainly not the case in all of the world's mills nor in those of Scandinavia. But there 
are many mills that are better than the standard. 
The kraft pulping process is now developing rapidly. Driving forces are the 
need to improve efficiency, pulp quality and reduce environmental loads. Public 
perceptions and political decision making are also affecting the development. This 
interference is not always optimal from an ecological or an economic point of view 
One trend can be summarized as follows: 
• Pre bleaching delignification is brought as far as possible in order to reduce 
and simplify bleaching operations and the reuse of effluents. This leads to a 
higher recovery of spent liquors, a reduced effluent load but an increased 
demand of wood and on site power (Table 3). 
• Energy efficiency is developed toward higher electricity output by improv-
ing combustion and power plant technologies. 
• Contaminated liquid effluents are concentrated by evaporation and inciner-
ated to yield a solid inorganic salt residue. 
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Table 3. Comparison of some softwood pulping and bleaching alternativest 
Case 	 A 	 B 	 C 	 D 	 E 
Cooking 
Kappa 	 25 	 25 	 15 	 25 	 IS 
Yield, % on wood 	 41 41 43 41 43 
Oxygen delignification 
Kappa - 12 8 10 8 
Yield, % on pulp 94.1 91.5 92.6 91.5 
Yield, % on wood 44.5 41.9 43.5 41.9 
Bleaching 
DEO DD, yield, % on pulp 92.6 95.5 91.4 
yield, % on wood 43.5 42.5 40.8 
QIEOPIQP, yield, % on pulp 95.0 96.1 
yield, % on wood 41.3 40.3 
Results 
Wood demand, t/adt pulp 2.01 2.12 2.21 2.18 2.23 
Black liquor to 	recovery 
dry solids, t/adt 1.54 1.64 1.88 1.18 1.19 
organic dry solids, t/adt 1.06 1.13 1.24 1.91 1.26 
Effluent from fibre 	line 
amount, dadt 18.4 6.9 5.8 5.8 5.8 
organic dry solids, kg/adt 75.8 45.5 28.2 59.5 44.1 
White liquor demand') 
effective alkali, kg/adt 440 454 536 486 519 
Electrical energy, kWh/adt (on site) 620 	 650 	 660 	 830 	 835 
') including alkali to bleaching 
Simple schematic of a power plant unit applying best available techniques is shown 
in figure 1. 
95 bar 
GENERATOR 
RE 	IL TURBINE  
0.034 bar 
2.8 bar 
EEDWATER CONDENSER 
4.5 bar 
EVAPS 0.48 Der 
CONC. TO INCINERATION 
POWER 1500 kWNadt 
FLUE GAS 
BARK I 	BLACK LIQUOR 
D 	 PULP MILL 
2.1 Vadt 
EFFLUENT 
PULP POWER 900 kWh/nOt 
Figure I.A schematic presentation of steam and power distribution in a potential pulp mill with 
maximized utilization of current proven technologies. 
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Here bark, sawdust, and chip screenings are incinerated in a solid fuel circu-
lating fluidized bed boiler. The steam is fed to a 95 bar steam header common with 
the reductive recovery boiler. The steam turbine has four steam extractions at 13, 
4.5, 2.8 and 0.48 bar. The 13 and 4.5 bar steam headers serve the pulping and bleach-
ing processes, while the 0.48 bar steam is used to drive a vacuum effluent evapora-
tor system. Such a system gives —900 kWh/adt excess electrical energy from kraft 
pulping. 
The power efficiency will improve further when both solid fuel and black 
liquor gasification processes become commercially available. The calculation pre-
sented in Table 4 indicates that electric energy generation could then be improved 
with another —600 kWh/adt to a total excess output of —1500 kWh/adt. 
Table 4. An example of energy generation options in a 400 000 adt/a fully bleached softwood kraft pulp milli. 
Unit Today BAT GCC 
Fuel 
black liquor MW 258 258 258 
bark and wood res. MW 44 44 44 
Process steam demand MW 139 139 139 
ditto GJ/t II II II 
Power generation 
Gas turbine MW 68 
Steam turbine MW 45 75 37 
Total power generation MW 43 73 103 
Mill power demand MW 30 30 30 
Surplus 	to grid MW 14 43 73 
ditto kWh/t 300 915 1550 
Taking the total amount of chemical pulp produced in Finland (—six million t/a) 
and the potential power generation improvement 1500-300 =1200 kWh/t, one can 
estimate the electrical power potential to be —90OMW, corresponding to the out-
put of one major power station or about 60% of the chemical forest industry's 
current power demand, all this without any increase of wood use. 
4 Discussion and conclusion 
These speculations lead to the conclusion that the energy efficiency of pulp mills 
can be considerably improved and that major additional quantities of electrical 
energy can be extracted from kraft pulp mills, without any increase in wood use. 
The kraft pulping process is well suited to produce bioenergy from wood at high 
efficiency. The fiber product is after use itself a good fuel source. The global pulp, 
paper and board industry can be made a net energy producer if the fuel value of 
waste paper is properly utilized. The following rules can be set up for sustainable 
development: 
A. Make paper close to resource 
B. Ship it to consumer centra 
C. Use it 
D. Recycle as much as sensibly possible 
E. Use the rest for energy production 
F. Send no combustible wood-based biomass to dump sites 
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This requires that we develop paper and board products so that they are made in 
an energy efficient way and are: 
• Recyclable 
• Easily deinkable 
• Safely combustible. 
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Abstract 
Defining environmental policies today is an intricate interplay between what is 
socially desirable on the one hand, and what is technically feasible on the other. A 
balance which is increasingly difficult to strike as we do not have universally ac-
cepted indicators for "real progress". Over the last decade industrial environmen-
tal protection has undergone large changes. The focus has shifted from acute prob-
lems and protection of the own local neighbourhood towards precautionary ac-
tion, not only limited to the primary production process but covering the environ-
mental effect of the products during their whole life cycle. Adoption of Clean tech-
nology solutions has proven to be a very powerful strategy to reduce industrial 
emissions at the source. However, as the attention related to environmental effects 
is being extended from considering the manufacturing stage only, towards im-
provements related to the whole lifecycle of the production, the focus of our vi-
sion of clean production tends to get blurred. 
Keywords: Clean technology, integrated environmental management, sustainable 
development 
I Introduction 
Commonly we are, incorrectly, lead to believe that all environmental problems we 
see today are consequences of the wasteful western lifestyle made possible by 
"indiscriminate industrialisation", often, in the same context, nostalgic arguments 
are put forward in favour of ancient "ecological" lifestyles. 
In fact, environmental protection, in the traditional sense limited to our im-
mediate physical environment, is to a large extent a cultural dilemma, a question 
of which point in history we choose to preserve, and as such it should be consid-
ered as a part of a larger issue of quality of life and heritage, even aesthetics, and 
not merely as an isolated ecological issue. 
It is also a fallacy to believe that only affluence and over-consumption is the 
reason for environmental degradation, poverty pollutes too. Deforestation and 
desertification in the sub Saharan region for example, are results of poverty. Lack 
of technology has resulted in inefficient use of scarce resources, such as biomass 
for fuel. 
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Unfortunately much of today's environmental debate has uncritically accepted 
as a starting point arguments which are simply not true, with a consequence that 
the discussion easily focuses on sometimes irrelevant details rather than on fun-
damental issues. Also we should keep in mind, that whenever environmental is-
sues are brought up on the table, a whole set of hidden agendas are in fact dis-
cussed on emotional grounds. 
Nevertheless, behind these unspecified feelings of dissatisfaction there are 
also reasons for real concern. Over-exploitation of scarce resources seems to be the 
dark shadow of all human activities 
Another area of concern is the fate of the "free commons". Ecological servic-
es, unlike man-made ones are generally free of charge, but their value may dimin-
ish and even disappear with overuse. It is ironic in a sense that in this time of 
promotion of free market mechanisms, as part of rational economic thinking, to 
note that the limitation of growth may well be dictated by the availability of free 
ingredients, those traditionally outside the economic system, such as water, air, 
soil. 
Even availability of soil as such, one of the most common/profane substanc-
es thinkable, may be a problem. Structural changes- in particular rapid urbanisa-
tion- creates new pressures. Misuse of land can lead to important environmental 
catastrophes, with loss of human life and economic disruption as consequences. 
Excessive soil-sealing and the straightening of rivers to facilitate drainage and 
transport contributed to major floodings throughout Central West and South Eu-
rope in 1997 and 1998 1,2 
Soil has many important ecological functions as well, none the least in terms 
of bio-diversity. It is rarely acknowledged that more biomass is synthesised in the 
soil than on its surface, yet we know less than five percent of the microbial popu-
lation in soil. 
In all, these ecological services, unpriced as they may be, are in fact irreplace-
able, it is not possible to replace the ozone layer or manage the climate regulatory 
system by artificial means. Also merely stopping the cause when a negative effect 
has been observed may not be enough. The natural systems have a highly non-
linear character and their functioning may take a different path all together, once a 
certain threshold stress has been surpassed. 
2 Clean technology development 
Over the years adoption of Clean technology solutions has proven to be a very 
powerful strategy to reduce industrial emissions at the source. However, as the 
attention related to environmental effects is being extended from considering the 
manufacturing stage only, towards improvements related to the whole lifecycle of 
the production, the focus of our vision of clean production tends to get blurred. 
Life cycle analysis is a tool intended to bring order into the confusion. It is a 
huge book-keeping exercise which is performed to account for all the material 
inputs and emissions that the manufacture, use and disposal of a certain product. 
By comparing the data between two possible alternatives it should in this way in 
principle be possible to choose the one giving rise to less environmental impact. In 
principle, yes. In practice it has proven difficult. A large amount of work is re-
quired to get the basic data for the analysis, it is also difficult to assess the reliabil-
ity of the analysis, particularly among competitors. 
Moreover, on a more fundamental level it is difficult to devise methods for 
assessing the real harmfulness of the different emissions. We simply do not know 
enough about the detailed interactions in nature. In spite of the difficulties, such 
methods would be necessary in order to assess the actual environmental impact of 
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the competing alternatives properly. Various ways to circumvent the "valuation" 
problem have been proposed. Generally this is done by aggregating the vast amount 
of data into fewer key indicators, which are more easily comprehended. Examples 
of such efforts, which are intended to provide a measure of the extent to which the 
biosphere's environmental functions are required to support a particular type of 
human economic activity, are provided by the so called Environmental Space in-
dicators or Ecological Footprints. 
Another approach is to focus on Material Flow based indicators. These are 
analytical tools to illustrate how much material and energy flows through the eco-
nornic system at the product, company, sectoral, national, regional and interna-
tional levels. The first mentioned indicators are trying to relate human operations 
to the carrying capacity of vital life support functions of the earth, and as such 
mainly suited for policy guidance, while the latter are aiming at quantifying the 
efficiency of economic operations, such as determining the material and energy 
flows per unit service (mips); at addressing equity questions, such as how much 
material and energy is used by whom and how it is distributed locally and global-
ly.3 Essentially the latter ones provide guidance for technology development 
3 Integrated environmental management 
Defining environmental policies today is an intricate interplay between what is 
socially desirable on the one hand, and what is technically feasible on the other. A 
balance which is increasingly difficult to strike as we do not have universally ac-
cepted indicators for "real progress". 
Lacking proper knowledge about future economic incentives, and given to-
day's rather technology hostile atmosphere, it is not obvious which technological 
development strategies will prevail. In fact under the given circumstances it is not 
obvious at all that a precautionary policy, with a long term environmental strategy 
does make economic sense for companies. Indeed, a recent study 4 reports that the 
diffusion of "clean business" is slow and patchy and that only a small minority of 
companies are actually involved in voluntary environmental improvements. 
Up to now, in our effort to reduce the environmental impacts of human activ-
ities, the focus has almost solely been on the industrial side- the producers- and 
very little attention has been devoted to consumer responsibilities. Industry has 
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been forced to change, first through more stringent environmental legislation, and 
later through "voluntary" action, driven by public relation images. Efforts are made 
to justify these actions through extending the economic reasoning beyond the im-
mediate sphere of influence of companies. 
This latter development may in fact already have gone too far. The main pur-
pose of companies is not to protect the environment, but to create wealth, which 
they should do within the ethical boundaries set by society. To set such ethical 
boundaries correctly requires educated citizens, in the true sense of the word, who 
behave as consumers, in the same way as they would like and expect others to 
behave. Only then can we have indicators that correctly describe economic progress 
in its real context of increased welfare. 
Such an evolutionary step is necessary in order to correctly divide the re-
sponsibilities between companies and society as a whole. 
Sustainable development 
Pr uction 
Ecoefficiency 
"Green GNP" 
1T 
Would this lead back to the former "command-and-control" regime? Not neces-
sarily, as in fact there will be even more incentives for companies to invest in real 
long-term improvements if the guidelines of society are clearly spelled out. Such a 
partition would also go in the direction of resolving the dilemma we presently 
always encounter when trying to interpret the real meaning of the results from life 
cycle analysis. 
It would also direct company interest towards solving issues of environmen-
tal importance, in areas where they have real technical potential to make a signif-
icant impact. The scope of Cleaner production would then be narrowed down to 
something more practical-identifying and removing production (eco) inefficiencies. 
4 Future trends 
In this atmosphere of uncertainty, there are, however, a few general trends that 
from the technical point of view, that should hold true in any environmentally 
enlightened "new" future (of which none of them will be unproblematic). 
Waste reduction. The core element of clean production, waste reduction at 
source, is still today as valid as ever. It is the "how to do it" that requires more 
careful thinking than before, as almost all standard solutions seem to imply con-
tradictions and drawbacks in the long run. 
The modern society as a whole can be seen as an enormous production ma-
chinery, an organism, taking in raw material which with the aid of information 
and energy are transformed into useful products or services. The process is de-
pendent on a constant flow of energy- even though energy as we know cannot be 
destroyed it degrades in quality, is diluted and can subsequently be used for less 
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and less demanding tasks. The same seems to happen with products, even though 
this process is not governed by absolute natural laws as in the previous case. With 
time they loose in value and transform into waste, a growing nuisance of our time. 
That way not only valuable material resources are lost but also the information 
content of the products. 
Energy cannot be upgraded without the input of more energy, but does this 
hold true even for products? The natural laws do not know of exceptions, but the 
same is not true for the economic laws, which to a large extent are results of exter-
nal circumstances and situations of our own choice, which more and more seem to 
be a result of collective mass psychosis than absolute truths. It certainly would be 
possible to recover the material content of the products and thus diminish the 
need of virgin material, if only the recovery were cheaper than the production of 
virgin raw material. 
In fact this is already common practice, glass, paper and metals are recovered 
already at big scale whenever the economic circumstances are favourable. Is this 
enough, have we thereby exhausted the economic opportunities? 
Certainly not, if we view the problem from the angle of a society, staggering 
under steadily growing waste-streams that have to be collected and destructed at 
increasing cost. These expenses could be used in a constructive sense if the waste, 
or parts of it, could be returned into the system in a useful form. Nor do the possi-
bilities seem exhausted from the technical point of view, given the rather trivial 
level of today's waste management systems. 
Why is not material recovery a more widespread practice in the industrial-
ised countries? The usual explanation is that the material content represents a very 
small portion of the total value of today's products, generally only a few percent, 
which does not suffice to cover for the recovery and disassembly of the products. 
The challenge is however to find the right conditions for recycling/reuse 
schemes, were the full potential of reduced material flows can be exploited. 
Intelligent products. The creation of truly intelligent products seems to me, 
as yet, as a vastly under-exploited area. We have hardly begun to use the enor-
mous potential of the current "electronic revolution". The question is not simply 
to pack more electronics into consumer goods, but rather to utilise this new di-
mension to create new solutions for the whole of entire service chains. A chain in 
which paper frequently today plays a significant role. This is definitely an area 
where we need much more imagination than the "more of the same" philosophy 
which is currently prevailing. 
Intelligent consumer. Finally, the consumer who makes the final decision 
has to change! An intelligent consumer might sound as a real "oxymoron", but I 
really do believe that is an area where we might see the largest, and possibly the 
fastest changes. The tool to achieve this is information. Correct and reliable infor-
mation, which in today's information society is — not necessarily in short supply — 
but increasingly difficult to sort out. 
In fact we are here faced with the fundaments of the new age, where environ-
mental consideration is taken as being only a part of a much larger ethical respon-
sibility, which really connects back to what was said in the beginning. 
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5 Conclusion 
In terms of accumulated material wealth, mankind seems to have passed far be-
yond the point of no return. On the other hand-probably the first time in human 
history the production per capita, in both food and industrial production is de-
creasing- a truly alarming signal of threatening misery if nothing is done. Unfor-
tunately we seem to be in a real squeeze between the limits of growth and the need 
for further growth. 
Over the last decade industrial environmental protection has undergone large 
changes. The focus has shifted from acute problems and protection of the own 
local neighbourhood towards precautionary action, not only limited to the prima-
ry production process but covering the environmental effect of the products dur-
ing their whole life cycle. 
The fundamental question remains, however, unanswered. Can we even im-
agine economic limitations or added burdens in a time that already seems to crum-
ble under economic difficulties, in a world were the number of the poor is increas-
ing and the industrial production and the production of food per capita, probably 
for the first time in the history of mankind is declining? 
The paradox seems to be that we need economic growth in order to deal with 
the problems caused by economic growth, not restrictions or limitations, an unsat-
isfactory circular argumentation, which at least to some extent explains the tooth-
lessness of today's environmental policies. This evident controversy has some-
times been fended off by the proposition that today's wealth could be substituted 
by some other kind of qualitative wealth or well being which would correspond 
better to the limited resources of our earth. A plausible proposition, and an attrac-
tive one, except for the fact that the majority of the growing population of the 
earth is in need for food, clothes and dwelling — the very essentials of life — in 
other words, precisely material growth. 
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Abstract 
The pulp industry has gone through significant changes in the past years. The 
whole processes have been modified as well as the wastewater treatment and sol-
id waste handling. This paper examines the available kraft process for balancing 
chemicals as a whole and optimizing the amounts of chemical to fulfil the emis-
sion regulations economically. The target is to investigate the possibility of imple-
menting an ecologically balanced pulp mill (EBPM), which is environmentally 
benign. A simulation model developed is used for optimizing the recycle and pur-
chase chemicals to produce full-bleached pulp economically and within allowed 
emissions. 
Keywords: ECF process, Na-S balance, C12-NaOH equivalent balance, bleaching, 
AOX, economy 
I Introduction 
The Ecologically Balanced Pulp Mill (EBPM) refers to a plant where all chemicals 
are in balance. Sodium-sulfur ratio is balanced and chlorine-caustic is used in the 
electrochemical equivalent balance. The wastes discharged from the pulp mill to 
the air, water and land are controlled to meet all regulations and requirements. 
Pulp bleaching is the final step in pulping process. Today bleaching is a main 
topic of pulping discussion as cooking, washing, screening, OZ delignification and 
pretreatment have influences the final pulp quality. However, bleaching is neces-
sary to meet the brightness, strength and quality of pulp. The kappa number of 
the pulp entering to the bleach plant could be optimized without excessive loss of 
fiber substances and without impairing pulp strength properties (Antbacka et al. 
1994). 
However, total closed cycle of the bleach plant is never possible because the 
non-process elements such as potassium, calcium, magnesium, barium, aluminum, 
silicon, phosphorous and transition metals enter with wood, water, make-up and 
auxiliary chemicals. These elements enrich when filtrates are circulated in a closed 
manner and have to purge at some points from the pulp mill. This paper studies 
the available kraft processes for balancing chemicals as a whole and optimizing 
the amount of chemicals that fulfil the emission regulations economically. The tar-
get is to find a concept for the kraft pulp mill that is environmentally benign. 
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2 Methods 
An integrated kraft pulp mill process was studied using a simulation model de-
veloped for the entire mill concept. The simulation model included the following 
modifications to a conventional ECF mill for improved environmental efficiency 
and economy: 
I. Integrated chemical production including chlorine dioxide production in 
total HCl-mode. 
II. Integrated waste management with biogasification of organic waste and 
boiler ash to granular fertilizer. 
II1. Improvements in the ECF bleaching process for chemical balance and re-
covery by the following means: 
Sulfur balance is effected by the following integration: 
• chlorine dioxide manufactured by using HCl as reducing agent, which gen-
erates sulfur free by-products 
• sulfur free fuel (methane from biogasification) is used in lime kiln 
• half of sulfuric acid is replaced by carbon dioxide from biogasification in 
tall oil separation 
Chlorine balance is effected the by following integration (Ehtonen et al. 2000): 
• chlorine by-product from C102-plant and chlorine make-up is used for HC1 
production 
• NaCl salt by-product from C102-Plant is returned to NaC1O3 producer 
Sodium balance is effected by the following integration: 
• splitting the E/O,H-stage of D1/C-E/O,H-D2-D3 into two stages E1/H 
and E2/O that allows caustic recycle to E2/O-stage via brown stock wash-
ing into the chemical recovery 
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3 The process 
The fiber line and bleaching is shown in Figure 1: 
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Figure I. Block diagram of the studied processes 
4 Chemical balances 
The chemical doses for the Oz delienification and bleaching are based on the cook-
ing kappa of 23 and 0z delignification kappa of 14. 
For 0z delignification: 
• 25.0kg NaOH/ADt, 25.0kg 02 /ADt and 1.67kg MgO/ADt (1.0kg Mgt+/ 
ADt as sulfur free). 
For bleaching: 
• Total 54.0kg act. chlorine/ADt, where 18.0kg C102/ADt = 2.63*18.0 = 
47.34kg act.Cl/ADt, 2.99kg C12/ADt in C102-water and 3.67kg Cl2 in Cl2-
water. 
• Total 20.0kg NaOH/ADt, where 10.0kg pure NaOH for E1/H-stage and 
6.8kg NaOH for E2/O-stage and 3.2kg NaOH/ADt as oxidized white liq-
uor (WL). 
• 3.0kg 02/ADt and 3.0kg SO2 /ADt. 
The amount of purchased chlorine is 15.12kg Cl2 /ADt and the equivalent amount 
of NaOH is 16.8kg NaOH/ADt, where 6.8kg NaOH/ADt is used as make-up Na. 
The tall oil separation is made by H2SO4 and CO2 and the doses are 4.15kg H2SO4/ 
ADt and 6.75kg COz/ADt. 
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The simulation result shows that the chemicals in the plant can be balanced 
in the presented way and the environmental benefits are gained by modified chem-
ical balance and enhanced recovery. The simulated Na, S and Cl balance is shown 
in Table 1. 
Table D. Simulated balance of some elements in an EBP mill 
kg/ADt 
Na S CI 
INPUT 
Chips 0.01 0.30 0.32 
Sulfuric acid, 	H 2SO4 - 1.35 - 
Lime, wash water and others 0.02 0.03 0.003 
Caustic soda, NaOH 3.90 0.001 0.006 
TOTAL 3.99 1.68 0.33 
OUTPUT 
Pulp 3.49 0.13 0.11 
Emission 	to 	air 0.18 0.84 0.009 
Solid waste 0.32 0.11 0.213 
TOTAL 3.99 1.68 0.33 
The following four streams are used for controlling the chemical balance in the 
process: 
• the NaOH flow is used for controlling the sulfidity of white liquor in the 
WL-storage 
• the C12-water flow to the D1 /C-stage is used for controlling the ClZ /NaOH 
equivalent balance 
• the E2/O-filtrate flow to sewer is used for controlling foreign elements en-
richment in the chemical recovery 
• the recovery boiler ash slurry flow to ash granulation is used for controlling 
enrichment in the chemical circulation 
The noncondensible gases from cooking plant and the stripper gases from evapo-
ration plant contain typically 1.0-2.5kg S/ADt (strong malodorous gases). The 
weak gases are also emitted from chip pre-steaming, screening, pulp washing, 
smoke dissolving and tank ventilations. The capture of sulfur gases and conver-
sion to SO2 and H2SO4 can be managed by the ReSOx-process or by desulfuriza-
tion method (Kiiskilä, 1994). 
5 Integrated systems 
The pulp mill includes the following integrated chemical plants and treatments: 
C102-plant in total HCl mode, HCl-plant, water electrolysis system for H2 and OZ 
production, NaOH-treatment, C12-treatment, 02-treatment, MgO-treatment, SO2-
treatment, white liquor oxidation and auxiliary chemical treatment in fresh and 
waste water handling. 
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6AOX 
The AOX formation can be roughly estimated from chlorine and chlorine dioxide 
charge according to Equation 1 (Bowen and Hsu, 1990): 
AOX = Ki* (C+D/K2) 	 (I) 
K~=0.I,K2 =5, 
C = chlorine charge, kg act.Cl/ADt, D = chlorine dioxide charge, kg act.Cl/ADt. 
On the basis of active chlorine charge the Cl,-multiple for bleaching is (2.99 + 3.67) / 
54 = 0.12 which is acceptable as the maximum C12-multiple of 0.15 can be used for 
the environmental reasons (Folke, 1994). 
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Figure 2. Calculated AOX levels from bleaching as a function of CI02 and Cl2 substitution%. 
According to the Figure 2 the AOX level of 1.6kg AOX/ADt is achieved when the 
chlorine multiple is 0.12 (12%). At 50% reduction of AOX in the activated sludge 
waste water treatment the AOX figure is only 0.8kg AOX/ADt which shows sig-
nificant environmental benefit. 
7 Waste management 
The organic solid waste management includes biogasification, multifuel power 
boiler and ash granulation. A block diagram is presented in Figure 3. 
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Figure 3. Block diagram of organic solid waste management 
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8 Results and discussion 
The environmental benefits of the presented process include lower S, Cl and Na 
emission due to enhanced chemical recovery and improved chemical balance. 
Splitting the E/O,H in bleaching allows improved chemical recovery. The inte-
grated waste treatment utilizes organic wastes to generate sulfur free fuels for the 
mill and CO2 for tall oil separation. Boiler ash is recycled to forest as granulated 
fertilizer. 
Balancing the Na/S ratio and achieving the Cl2/NaOH consumption in elec-
trochemical equivalent has also considerable economic benefits. The total cost of 
chemicals is 18% lower than an existing pulp mill in Finland (Ehtonen et al. 2000). 
9 Conclusions 
The ecologically balanced pulp mill concept studied includes integrated chemical 
plants, activated sludge wastewater treatment and a solid waste treatment as de-
scribed earlier. The results suggest that it is possible to balance the chemicals and 
minimize effluents in the presented way. Even though this study was done by 
simulation and using average design values, the general principle of EBPM seems 
feasible and the implementation of such an integrated plant possible. 
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Abstract 
Integrated modelling of economic and environmental issues is becoming increas-
ingly important. Often the tools for such analysis are lacking. One proposed tool is 
the environmental-economic production function (EEP), which can be used to study 
the interaction of technology and the environment. It is applied here in the case of 
the Finnish pulp and paper industry between 1979-1997. The results reflect the 
development of the industry in a sustainable direction. The model provides a frame-
work for analysing the natural versus manufactured capital substitution thesis 
and subsequently for studying the proposed economy and environment win-win 
situations. 
Keywords: environmental-economic production function, sustainability, pulp and 
paper industry 
Traditional economic theory approaches the study of the production process from 
a monetary point of view where a production function expresses the relationship 
between the maximal amounts of valuable outputs, which the producer can make 
of a given set of "costly" inputs (Cohen and Cyert 1965, Chung 1994). A prominent 
example of this line of thought is the Cobb—Douglas production function. Envi-
ronmental impacts are not included in the model as they are perceived as free 
goods that do not effectively restrict the production decisions of the profit maxim-
ising firm. Increasing environmental demands have later transformed the tradi-
tional function to include those costs arising from the reduction of environmental 
impacts as cost functions (Pittman 1983, Jorgensen and Wilcoxen 1990, Barde 1995). 
For example environmental taxes or the cost of pollution abatement technology 
has been included. In the absence of clear prices, the functions have been used to 
derive so-called shadow prices for the unwanted side products of production proc-
esses or environmental impacts (Färe et al. 1993). 
LCA literature operates from a distinctly different framework and modelling 
of environmental impacts is accomplished through the use of emission co-effi-
cients describing the environmental performance of a process. LCA co-efficients 
provide a static "recipe" for a defined system (SETAC 1992, Consoli et al. 1993, 
Lindfors 1995). Current LCA practices do not allow for dynamic modelling of sys-
tems where the emissions co-efficients change over time (Schaltegger 1997, Clift et 
al. 1999). 
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A general economic-environmental production function, or EEP, of a produc-
tion process (Pento 1998) incorporates emissions in their physical units without 
assigning arbitrary subjective notions, such as money values. It can be expressed 
as the relationship between outputs with either positive or non-positive market 
value, and inputs that are either natural or man-made: 
(1) g(O1 ...,Op;Op+I...,0n)=f(Il...,lm;4+1 ...,1k) 
in which the outputs Ol ... OP are products with non-negative economic value, 
and OP+1 ...ON are emissions and waste, which may or may not have a negative 
value for the producer. The inputs I,... Ik are man-made inputs, such as capital or 
labor, and Ik+l ... IM are inputs from the natural environment. The outputs of non-
positive value are not retained in the process and become environmental interven-
tions in the form of emissions, waste, noise etc. 
This paper employs the EEP function (1) to study the development trend of 
the Finnish pulp and paper industry during 1979-1997. Attention is drawn espe-
cially to the presented idea of sustainable development that has been introduced 
as the new paradigm. The EEP includes both natural capital and manufactured 
capital variables and thus it can be applied in an analysis of sustainability. Here a 
framework for analysing sustainability is built based on the EEP and the model is 
then modified and results presented. The paper concludes with a discussion on 
the main drivers behind the observed development. 
2 The model 
Sustainability can either be weak or strong (Neumayer 1999). According to strong 
sustainability the stock of all forms of capital, natural (K.), social (KS), man-made 
(K1 ) and human (K1 ) must stay constant or increase. According to weak sustaina-
bility the aggregate stock of capital must be constant or increasing, allowing de-
creases in one type of capital as long as it is compensated for with a similar in-
crease in another type of capital. The sustainability equation is expressed as: 
(2) K=Kn , +K,+K,,+K, 
As no common measurement criteria or reporting units exist, assessment of sus-
tainability according to (2) is difficult. For the purposes of this paper, social and 
human capital are omitted'. Manufactured capital is regarded as investments and 
production whereas natural capital variables include emissions to water and raw 
material use. The model is thus: 
(3) ,K, = Q, + C, — E ;, — AV, 
where K is the sum of capital stock, Q is production, C is capital investments, E., is 
emission i and V is change in the stock of virgin raw materials, all at time t. Change 
in capital or sustainability is then the change in (K between two different time 
periods. In this paper sustainability will be assessed as relative changes during 
1979-1997 and not sustainability per se. Variables are included in the model as 
percentage change in the sub-capital set. Reducing change to percentages makes it 
possible to compare differences and to arrive at an aggregate sum of and between 
the units. The model then becomes 
' On a general level it could be argued that increases in manufactured capital and increases in natural capital (meaning 
decreases in emissions) will both increase human and social capital. Increased production will lead to more jobs, higher income 
and thus a higher standard of living. Increased natural capital will result in a cleaner environment increasing opportunities for 
spending leisure time which in turn may increase the social capital stock 
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( 4 ) X  ( K r — K11) = (Q — Qr 1) + ( Cr —C,1)—(E1  — Eir-1) — ( AV — AV I —D 
The study uses time series data from 1979-1997 of Finnish integrated and non-
integrated pulp and paper mills. The data has been collected by the Finnish Min-
istry of the Environment, The Environment Institute and the Finnish Forest Re-
search Institute during permit compliance checks. Emissions are reported in pub-
licly available databases. 
3 Results and discussion 
Output in the industry has increased by 80% and 200% for pulp and paper respec-
tively in twenty years. Growth has averaged 3-4% annually. Increased volumes 
have meant higher sales and higher revenues. Generally higher volumes lead to 
scale economies leaving more money to be invested. As a result, the industry has 
invested heavily in new process and environmental technologies. Investments have 
averaged 10% of turnover annually Even with growth in production volumes, 
gross emissions have decreased. Water-borne BOD, total suspended solids, nitro-
gen and phosphorus emissions have decreased by 92%, 77%, 17%, and 46% re-
spectively during the entire time period. The introduction of paper recycling has 
decreased the virgin raw material requirement of the industry. Between 1976-1997 
virgin wood use per tonne has decreased by 16%. However, the total virgin wood 
use has increased by 95% reflecting the increasing operating volumes. The main 
issues with respect to renewable resources is the rate of harvesting and ensuring 
that it does not exceed the natural regeneration rate of the resource. So far within 
the Finnish forestry sector a sustainable yield has been ensured. During 1986-1997 
Finnish forest reserves grew at an annual average rate of 77.6 million cubic metres. 
From this, on average 50 million cubic metres were harvested as raw material 
wood for industrial use. As a result forest resources have increased yearly although 
the rate of increase in the past few years has declined. 
Sustainable development, introduced in 1987 (WCED 1987), has gained wide 
acceptance as the new paradigm. Sustainability has been quoted as the new goal 
of communities and also of industrial activity; current needs should be satisfied 
without sacrificing the possibility of meeting needs in the future. Traditionally the 
pulp and paper industry is not viewed as particularly sustainable (Ruth and Har-
rington 1998, Abramovitz and Mattoon 1999). It is claimed to be one of the biggest 
users of energy and fresh water of all manufacturing industries and it is also said 
to promote a wasteful, throwaway, lifestyle. The pulp and paper industry, by its 
nature, also relies on forest reserves for its supply of virgin fibres. 
This paper counterdicts the unsustainability assumption of the pulp and pa-
per industry by showing that it has moved in a sustainable direction for the past 
twenty years. The industry has produced more output, i.e. meet more needs while 
at the same time decreasing the burden on the environment. Thus the ability of 
future generations to meet their own needs has not decreased. By employing the 
EEP it can be shown that increased sustainability is a result mainly of capital in-
vestments in productive technologies and in pollution abatement technologies. 
Table 1 shows the relative changes in all the sub-capital components during 
1980-1997. The last column shows the change in sustainability and the boxed fig-
ure refers to the change in sustainability for each five-year period. As can be read 
from the table and by employing (4), sustainability has grown between 14% and 
56% during the time period even allowing for periods of unsustainable growth. 
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Table I. Relative changes in sustainability and its different components in the Finnish pulp and paper industry 1979-
1997. 
Forest Aggregate Sustai- 
Vo!ume Labour balance BOD TSS N P capital (4) nability 
Year % % % % % % °/a % 
1980 0,029 0,000 -0,110 0,015 -0,027 0,087 0,054 0,412 0,202 
1981 0,024 0,000 0,332 -0,003 -0003 ',G40 -0032 0,076 0,431 
1982 -0,065 0,000 0,099 -0147 -0145 -0043 -0,046 -0,060 0,354 
1983 0,075 -0119 0,065 -0,021 -0010 0,024 0,048 -0228 -0249 
1984 0,133 -0,019 -0057 0,012 -0,082 0,063 0,184 0,095 -0,025 
1985 0,005 -0020 -0132 -0100 0,009 0,023 0,110 0,204 0,016 
1986 0,004 0,000 0,100 -0,226 -0,070 -0039 -0095 -0046 0,488 
1987 0,065 -0020 -0056 -0047 -0,076 0,031 0,124 0,226 0,182 
1988 0,071 -0,082 -0097 -0,057 -0,056 0,040 0,055 0,108 0,017 
1989 0,013 0,022 0,009 -0,197 -0,098 -0,017 -0,075 0291 0,720 
0.. OUCS O24 0.157 O2  
1990 -0001 0,022 0,066 -0,216 -0,14 -0,070 -0138 -0095 0,530 
1991 -0033 -0,021 0,181 -0,183 -0164 -0,078 -0,170 -0,260 0,462 
1992 0,024 -0,022 -0026 -0149 -0158 -0,104 -0133 -0,056 0,465 
1993 0,093 0,000 -0179 -0334 -0236 -0125 -0178 -0471 0,318 
1994 0,080 -0,022 -0152 -0097 -0067 0,050 -0,108 0,547 0,675 
1995 0008 -0045 0,029 -0186 -0,020 0,018 -0,053 0,633 0,866 
-(2 129 p079 0.561l 
The case presented here shows a rather clear development of one industry to-
wards increasingly sustainable practices. In this analysis no weights are given to 
the different capital sub-components. Without weighing the development is char-
acterised as strongly sustainable. However, without any weighing the statement 
is subject to value judgements. The case implies that those strategic decisions that 
have been made in the industry, whatever their motives, have been beneficial in 
environmental terms, or in terms of sustainability. The reasons that have led to 
these specific outcomes in Finland are a result both of environmental and indus-
trial policy and permitting. 
The Finnish environmental legislation has included issuing plant specific 
permits that have been periodically updated. The permits have allowed for mill-
specific attributes to be considered in the permitting process thus ensuring that no 
mill is faced with permit levels that are unnecessarily restrictive and difficult to 
comply with. This type of policy approach has been employed for the entire time 
period under study here. The approach differs with that of for example in the UK 
where a certain base level is issued above which the environmental performance 
of each mill must be, irregardless of the specific attributes of the mill. 
The presented case then, is good for analysing the policy outcomes of flexible 
permitting allowing for individual, mill-level specifications. This is in fact the ap-
proach that is intended with the EU IPPC directive aiming for the integrated pre-
vention and pollution control without placing economically unnecessarily restric-
tive boundary conditions on any plant. The IPPC directive specifically calls for 
special consideration of mill age and employed technology when deciding on 
emission levels (Council Directive 96/61/EC). 
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4 Conclusions 
This paper has demonstrated that an integrated approach to looking at the envi-
ronmental effects of technological change is useful. It is shown that the Finnish 
pulp and paper industry's environmental effects have been dramatically decreased 
and the environmental performance or eco-efficiency of the industry has improved 
as a result of technological development. The impetus for the observed technolog-
ical development has not been only legislative pressure but also intra-firm desire 
to serve an increasingly environmentally conscious and aware market. The flexi-
ble regulatory regime employed in Finland has obviously helped in creating an 
atmosphere for promoting sustainability in the industry. 
The weakness of the model is that it is not all encompassing. Undoubtedly 
many natural capital variables are left out, for example the increases in the use of 
"fillers" occurring with the decrease in virgin wood use per tonne. Also air emis-
sions, including CO2 are not included in the model. The main rationale for exclud-
ing them has been the completeness, credibility and accuracy of available data. 
The general trend also in air emissions has been declining with the exception of 
precisely CO2. 
The main purpose of the paper was to explore and demonstrate the applica-
tion of the economic-environmental production function in the study of sustaina-
bility. The findings suggest that the function can be applied for this purpose but 
that the function itself falls short of showing a complete proxy for sustainability. 
Sustainability itself is still lacking sufficient indicators. The proposed EEP is one 
model that could be used for assessing sustainable development. This paper has 
taken the first step in introducing the EEP application; further research and testing 
is required to operationalise the model and to test its robustness as well as wider 
application possibilities. 
Acknowledgements 
The author wishes to thank the advice and support from Professor Pento. The 
financial support of the Academy of Finland and the Finnish Ministry of the Envi-
ronment is also gladly acknowledged. 
References 
Abramovitz, J. N. & Mattoon, A. T. 1999. Paper Cuts: Recovering the Paper Landscape. World-
watch Paper 149. Worldwatch Institute. 
Barde, J-P. 1995. Environmental policy and policy instruments. In: Folmer, H., Gabel, H. L., 
Opschoor, H. (ed.) Principles of Environmental and Resource Economics. Edward El-
gar. pp. 201-227. 
Chung, J. W. 1994. Utility and Prduction Functions. Blackwell. Oxford. 
Clift, R., Frischknecht, R., Huppes, G., Tillman, A-M. and Weidema, B. 1999. SETAC Working 
Groups: LCA Section. SETAC-Europe Newsletter. May 1999. Volme 10. Issue 3. 
Cohen, K. & Cyert, R. 1965. Theory of the Firm: Resource Allocation in a Market Economy. 
Prentice-Hall, Inc. New Jersey. 
Consoli, F., Allen, D., Boustead, I., de Oude, N., Fava, J., Franklin, W., Quay, B. Parrish, R., Per-
riman, R., Postlewaite, D., Seguin, J. and Vigon, B. (ed.). 1993. Guidelines for LCA: A 
Code of Practice. Report of the SETAC Workshop. Sesimbra. Portugal. 
Council of the European Union, the. 1996. Council Directive concerning integrated pollution 
prevention and control. Council Directive 96/61/EC. 24 Sep 1996. 
The Finnish Environment 417 	e o o . . o o a .....................................0  
Färe, R., Grosskopf, S., Lovell, C. A. K., Yaisawarng, S. 1993. Derivation of Virtual Prices for 
Undesirable Outputs: A Distance Function Approach. Review of Economics and Statis-
tics. May. pp. 374-380. 
Jorgensen, D. & Wilcoxen, P. J. 1990. Environmental Regulation and U.S. Economic Growth. 
RAND Journal of Economics. Vol 21. No 2. pp. 314-340. 
Lindfors, L.-G., Christiansen, K., Hoffman, L., Virtanen, Y., Junttila, V., Hanssen, O.-J., Roen-
ning A., Ekvall, T. 1995. Nordic Guidelines on Life-Cycle Assessment. Copenhagen, 
Nordic Council of Ministers. (Nord 1995:20) 
Neumayer, E. 1999. Weak versus strong sustainability: exploring the limits of two opposing 
paradigms. Edward Elgar Publishing. Cheltenham. UK. 
Pento, T. 1998. The Economic Theory of Environmental Life Cycle Inventory Models. In: Bald-
asano, J. M. & Power, H. (ed.) Environmental Engineering and Management. WIT 
Press. pp. 103-112. 
Pittman, R. W. 1983. Multilateral Productivity Comparisons with Undesirable Outputs. Eco-
nomic Journal. pp. 883-891. 
Ruth, M. & Harrington, T. 1998. Dynamics of Material and Energy Use in U.S. Pulp and Paper 
Manufacturing. Journal of Industrial Ecology. Vol 1. No 3. pp. 147-168. 
Schaltegger, S. 1997. Economics of Life Cycle Assessment: Inefficiency of the Present Ap-
proach. Business Strategy and the Environment 6:1. pp 1-8. 
SETAC. 1992. Life-Cycle Assessment. Society of Environmental Toxicology and Chemistry, 
Europe. Belgium. 
World Commission on Environment and Development (WCED). 1987. Our Common Future. 
Oxford University Press. 
0.............................................. The  Finnish Environment 417 
When is further reduction of low COD 
in pulp and paper mill effluents 
environmentally defendable? 
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Abstract 
The pulp and paper industry has successfully decreased the emissions of organic 
material measured as COD (chemical oxygen demand). Between 1989 and 1997 
the reduction was 54% in Finland. A local reduction of organic material in an ex-
ternal treatment plant has to be weighed both against the ecological benefit ob-
tained in the receiving water as well as from the regional perspective through 
increased energy use and increased air emissions. If a further reduction of the 
organic material is not measurable in the aquatic environment it may be ques-
tioned if the increased use of external energy and capital investment is environ-
mentally or economically defendable. Presently the concept of eco-efficiency is 
gaining ground and instead of sectorizing environmental emissions to different 
media the general emission picture to all media is being focussed upon. 
In a case study we have analyzed the environmental cost-benefit of reducing 
the daily COD-discharge of 2.4 tons CODC to> 1.8 tons at a small paper board mill 
in Finland. The mills present discharge converted to CODMn increased the back-
ground river load (101 t COD/  d) by 0.93% and after the reduction the increase 
to background was calculated to be 0.7%. On the other hand the daily phosphorus 
load would increase from 0.7 kg to 4 kg with possible consequences on primary 
production. 
In order to achieve the anticipated COD reduction the mill had two choices: 
1) Install an activated sludge treatment plant or 2) Install a bioreactor. The objec-
tives with our calculation were to answer two questions: A. Is reduction of local 
discharges always beneficial for the local environment? and B) Is it possible that at 
a certain point a reduction of local discharges are in conflict with sustainable de-
velopment? 
The results from the calculations showed that increased use of fossil energy 
would increase atmospheric carbon dioxide emissions by 103 (alt 2) or 650 t (alt 1) 
per year. At the same time the COD reduction would decrase the production of 
carbon dioxide by 106 t /yr. On the other hand the increased load of phosphorus 
would cause an increased emission of fossil carbon dioxide of 200 t/yr since elim-
ination of the phosphorus demands a tertiary cleaning stage which would increase 
the use of an additional 800 Mwh/yr. The increased phosphorus load was also 
calculated to cause an increased biogenic carbon dioxide production of about 186 
t /yr. Thus, the net effects of further treatment of the mills effluents clearly were in 
conflict with the principles of sustainable development and ecoefficency. 
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I Introduction 
Concerns about the environment have resulted in several paradigm shifts during 
the last decades. As pollution and eutrophication problems became acute in the 
sixties environmental legislation was initiated and the main focus was on pollu-
tion control and setting limits to pollution. This rather defensive activity was to its 
dominating part directed towards remediating already occurring damage instead 
for setting the stage for pro-active solutions (Colby 1991). In other words the envi-
ronment was protected against the emissions from human activities by using end-
of-pipe solutions. The achievable pollution reduction levels were merely based on 
technical feasibility and economical acceptability rather than on maintaining eco-
system resilience. Although the environmental protection paradigm is still domi-
nating legislation in most countries today, elements of new thinking are emerging. 
The concept of the assimiliative capacity of the environment has been gaining 
ground. The philosophy behind this concept is that the enviroment has a finite 
scientifically quantifiable capacity to absorb contaminants. The limit of this capac-
ity is defined as the critical load of specific contaminants. 
In the 1980s the Brundtland commission made the sustainable development 
term known to the public. Sustainability is a frequently used term although the 
meaning of it is still not completely understood. The basic idea of this new re-
source management paradigm is the incorporation of all types of capital and re-
sources (biophysical, human and monetary) into calculations of national accounts, 
productivity and policies for development and investment planning (Colby 1991). 
This approach has also been called the global efficiency paradigm (Sachs 1988) 
and it strives to increase energy efficiency in particular and resource conservation 
in general. In all essence ecology is being economized. What is lacking in our present 
economy (and legislation) is the ability to properly address the resource utiliza-
tion for instance to distinghuish between steam produced with renewable biogen-
ic or non-renewable fossil fuel i.e. ecological economics (Folke et al. 1991). 
Pulp and paper mill operations have the potential of being within the frame-
work of ecological economics. However, pollution control technologies based on 
the use of huge amounts of energy are not in compliance with concept of ecologi-
cal economics. Presently there is a gap of understanding between the global effi-
ciency paradigm, not to mention the still newer ones emerging (Landner 1993), 
and legislative demands by local environment authorities. Decisions on how far 
specific external treatment measures should be driven before the resources used 
for cleaning are higher than the benefit obtained by further cleaning were not, and 
still are seldom, considered. 
The pulp and paper industry has during the last decades successfully de-
creased the emissions from its production plants. By external treatment and inter-
nal process measures the load to the aquatic environment have reached a level 
where impact is not any longer measurable by conventional methods. Especially 
the pulp and paper industry is in a situation where the environmental impact of 
the products are higher during their life cycle than the impact from their produc-
tion. Despite that the emissions from a number of pulp and paper mills do not 
show measurable impact in the receiving water, the authorities of several coun-
tries still demand increased effluent treatment without paying attention to energy 
use and effects on other media. 
The objective with the present case study was, based on available informa-
tion, to evaluate if further increased external effluent treatment of a small paper 
board plant would fall within the framework of ecological economics or not. The 
demand for increased effluent treatment was raised by the local environmental 
authority for the renewal of the mills effluent discharge permit. Special attention 
was paid on two questions: a. Is a reduction of a local effluent emission always 
f 
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beneficial for the local environment, and b. Is there a possibility that, at a certain 
point, a further decrease of a local emission (from an already low level) is in an 
ecological-economical sense in conflict with sustainable development? 
2 MU! Production and emissions 
At the time of the evaluation process in 1997 the mill's effluent emission permit 
was based on an annual paper production of 100 000 tons. In 1996 the total pro-
duction was only 73 000 tons and the planned production for 1997 about 82 000 
tons. The mill was equipped with two paper machines one of which produced 
partly coated board based on mechanical and chemical pulp. The other machine 
produced board based on recycled and mechanical pulp. 
The major part of the total effluent eminated from the board production. Water 
used for mechanical pulping was pumped from the board mill and returned there 
when pumping of the mechanical pulp to the board mill. The effluent volume 
from mechanical pulping was about 160 m'/d, which was about 2% of the mills 
whole effluent volume. About 60% of the effluent and more than 90% of the efflu-
ents organic content eminated from the overflow of mixed 0-water, which was 
used for repulping recycled paper fibres. The mill effluent was not acutely toxic. 
The whole mill effluent was treated mechanically and chemically. After addi-
tion of chemical and treatment the effluent was led to a 30 m diameter clarifier 
supplied with a sludge-remover from the bottom. The clear liquid was conducted 
to final aeration in a 3.3 ha wide and 3 m deep lagoon, before entering the effluent 
receiving river (Figure 1). 
The major emissions from the mill were following: 
Effluent volume (m3/d) 	6414 
BODI (kg/d) 	 1206 
CODE (kg/d) 2350 
Tot-P (kg/d) 	 0.7 
Tot-N (kg/d) 9.0 
After the year 2000 the mill's production was planned to consist of mechanical 
and chemical pulp based board products, with a decreased use of recycled fiber, 
simplified water circulation and decreased organic load as a consequence. Total 
effluent volume was planned to be maintained at the same level despite plans of 
increased production. 
2.1 The recei,7!n,, °:rr~~:~~; the siWctrcn at the evoluction 
The effluent receiving river is classified as oligotrophic based on its nutrient lev-
els. In addition to the mill effluent, the river receives effluents from a town down-
streams the effluent discharge and a fish farm upstreams the mill discharge point 
(Figure 1). 
The Finnish Environment 417 	. 	. . . 	e . _ . . . . . . . . ` . ` ` ' • • _ • • • _ • • • • • • • • • • • • • • • 4) 
1 
M(LL Di SC tatR~.E 
• RIVER 	 ~E 
Figure I. Overview of the water course and the mill discharge point into the river. 
The up-stream drainage area includes two rivers as well as a large lake totalling 
about 8000 km2. The mass flows of CODS, total phosphorus and total nitrogen 
from the up-stream area, with a mean river water flow of 96 m3 /s, as well as the 
additions from the mill, are presented in Table 1. 
From table lit is seen that the additional load from the mill was below 1% for 
all parameters. 
Table I. The background load of COD, tot-P and tot-N in the river and corresponding load from the mill effluent dur-
ing 1996. 
River upstream at 4 	Mill effluent load 	Per cent increase 
to background (%) 
CODMn (t/d) 	 101 (94-I I5)1 ) 	 0.94*) 	 0.93 
Tot-P (kg/d) 86 0.7 0.81 
Tot-N (kg/d) 	 2415 	 9.0 	 0.38 
Transformed from CODE to CODMn (Wilander 1988) with a conservative conversion factor of 2.5 
Annual variation in the 1990s 
The reason for the conversion of CODcr (dichromate) to CODS (permanganate) is 
that in Finland mill effluents are monitored by the first method and permangante 
is used for natural waters, which makes a direct comparison impossible. Dichro-
mate is a much stronger oxidant than permanganate giving about 4 times higher 
values (interval 3-5) than the permanganate analysis (Wilander 1988). We used a 
conservative conversion factor of 2.5 for the calculation of the COD permanganate 
contribution from the mill. Thus, our figure is probably an overestimate of the true 
contribution from the mill to the river load. 
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3 Alternative effluent treatment methods of the mill 
effluent 
At the time for the evaluation the mill had two main effluent treatment alterna-
tives; the so called bioreactor method and activated sludge treatment. 
Since the major part of the effluents organic material was in soluble form it 
was not possible to remove it by chemical flocculation. Consequently further de-
creased effluent load called for biological effluent treatment. In this specific case 
application of biological treatment also needed nutrient addition, especially phos-
phorus. 
3.1 Economical aspects 
The emanating expences of the two treatment alternatives were compared since 
economical aspects are also affecting the eco-efficiency (economical activity divid-
ed by ecological resources used). 
The bioreactor is an aerobic treatment plant specifically developed for the 
treatment of process effluents. The advantages of bioreactors as compared with 
activated sludge treatment plants are their compact size, lower investments costs 
and better capacity to resist variations and disturbances. 
The investment costs of an activated sludge treatment plant are about 3 times 
higher than those of a bioreactor. The running costs are roughly equal for both 
alternatives. 
The investment costs/yr during the first six years would have been 2.5 mil-
lions and 5.68 millions respectively. The economical endurance after investment 
depends on future price development and sales of the products. 
The running costs for the two effluent treatment alternatives are presented in 
table 2. 
Table 2. Running costs for bioreactor and activated sludge treatment plant. 
Costs 	(x 	1000 FIM) Bioreactor Activated sludge treatment 
Chemicals 550 350 
Labour costs 70 100 
Maintenance 100 250 
Sludge 	transport 50 50 
Sludge concentration/drying 200 
Energy 220 420 
Laboratory costs 50 
Miscellaneous 110 
Total 	 I I00 	 1420 
It should be noted that the economical calculation is theoretical since the real pay-
off time and interest rate were unknown. In any case, the production costs of the 
mill would rise and adjustments to a situation with lower economic result corre-
sponding to the higher production costs would need to be made. In a similar case 
by Hellstrand (1997) the mill was forced to consider labor force reductions or relo-
cation of the production elsewhere. 
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3.2 Ecological cost/benefit evaluation 
The expected ecological benefit to be obtained by the investment had to be related 
to the background load of the receiving water body. In this instance the chemical 
oxygen demand was focussed upon since the mill effluents were not acutely toxic. 
In order to enable comparisons between background and mill emissions the COD 
of the effluent was recalculated to COD permanganate as given in table 1. 
The mean COD-values of the river water up-streams the mill discharge var-
ied between 94 and 115 t/d based on annual mean flows during the 1990-1996. 
The corresponding load from the mill in 1996 was 0.94 t/d. The expected COD 
reduction through either of the two effluent treatment alternatives was about 0.15 
t/d. With the effluent treatment used by the mill in 1997 the COD load had no 
measurable effects on the COD levels downstreams the mill discharge point. The 
per cent difference between the prevailing and coming COD load was about 0.1-
0.2% of the background load. Based on annual means this background load varied 
with about 20% (21 tons) and it was asked if the planned reduction of the effluent 
load would have any ecologically mmeasurable benefit. Moser & Narodoslaysky 
(1993) formed 4 operative principles for sustainable development, the first of them 
being: 
Material flows of Man shall not exceed the capacity of the local ecosystems assimila-
tive capacity and they should not exceed the natural variation of geogenic material 
flows. In other words anthropogenic material flows are allowed if they do not signif-
icantly alter natural processes. In this case a 0.1-0.2% of the background COD may 
be considered as a minor, non-mesurable increase with no ecological consequences. 
On the other hand, increased use of energy may have larger than local ecological 
consequences. Such possible consequences are discussed below. 
According to data in table 2 both treatment alternatives would have increased 
electricity consumption. Moreover, both alternatives would have considerably in-
creased the emissions of phosphorus from the base alternative (no further treat-
ment) (Table 1). 
Both increased use of electricity as well as increased phosphorus emissions 
would increase production of carbon dioxide; for phosphorus locally in the re-
ceiving water due to biological decomposition, and for the increased use of elec-
tricity regionally higher atmospheric emissions of carbon dioxide. 
3.2.1 Emissions due to use of electricity 
According to data from 1996 the present emissions from electricity production 
within the company's grid were: 
CO2 (biogenic) 93.8 kg/MWh 
CO2 (fossil) 249.9 kg/MWh 
NO, 0.462 kg/MWh 
SO2 0.343 kg/MWh 
The proposed treatment alternatives would have increased electricity consump-
tion by 2100 MWh for activated sludge treatment and 1100 Mwh for the bioreactor. 
Consequently, the atmospheric emissions due to increased electricity con-
sumption would have been: 
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Bioreactor 	Activated sludge 
CO2 (biogenic) 103 t/yr 244 t/yr 
CO2 (fossil) 275 t/yr 650 t/yr 
NO 0.5 t/yr 1.2 t/yr 
SO2 0.9 t/yr 0.37 t/yr 
3.2.2 Phosphorus 
As noted, both treatment alternatives would have increased the phosphorus emis-
sions to the receiving water and indirectly increased biological production. In-
creased biological production also means carbon binding into biological tissue and 
this has to be considered in the evaluation of carbon dioxide production and con-
sumption. 
Analysis of the constitution of the mill effluents COD gave following results: 
Effluent total COD 	 420 mg/L 
Total organic carbon (TOC) 	92 mg/L 
Ignition loss 	 302 mg/L 
Inorganic part 118 mg/L 
About 21% of the effluent COD was organic carbon, which may form carbon diox-
ide and new biological material after discharge to the receiving water. According 
to basic ecological theory 90% of available energy in the food chain is lost as respi-
ration (Odum 1971). Unfortunately, as very little hard facts on the fate of organic 
material from forest industries in receiving water exist, the general assumption of 
90% lost as respiration was used in the calculation for bacterial respiration. Under 
this assumption 83 mg carbon would produce 221 mg carbon dioxide (oxygen-
carbon weight factor 2.7) per liter effluent. The mill effluents TOC-emission was 
about 498 kg/d. On a yearly basis, assuming a complete degradation of TOC, about 
442 tons carbon dioxide was formed according to the formula: 
a x b x c CO2 emission 
where 
a= TOC in t/d (0.498) 
b=oxygen/carbon weight factor (2.7) 
c= number of days (365) 
According to the planned external treatment measures the TOC reduction in the 
effluent would have been about 24% leading to decreased carbon dioxide produc-
tion by 106 t/yr. 
On the other hand the phosphorus emissions would have increased by 3.3 
kg/d. Increased levels of phosphorus means increased primary production as well 
as increased degradation through this imported external phosphorus. According 
to Lappalainen (unpubl.) addition of 3 kg phosphorus to the water area down-
streams the mill (Figure 1) would roughly mean an increased oxygen consump-
tion from bacterial degradation by 300-400 kg/d. Accordingly this would mean 
an increased carbon dioxide production of 400 x 1.28 (weight relation of carbon 
dioxide/oxygen) = 512 kg/d. Annually this would have meant an estimated in-
crease of carbon dioxide of about 186 t. The carbon dioxide production figures are 
of course afflicted with considerable uncertainties, since information regarding 
factors like degradation rates, water residence time and sedimentation rates in the 
area were not known. It should be noted that waters in boreal regions are ice cov-
ered a large part of the year with low primary production and slow degradation 
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processes. Thus, it is also unknown whether water bodies of these regions are 
carbon dioxide sinks or carbon dioxide producers. On the other hand, it may be 
assumed that lakes in an oligotrophic state would be carbon sinks as compared 
with nutrient-rich eutrophied waters. From this point of view it may be more im-
portant to restrict emissions of phosphorus to freshwater lakes than already high-
ly treated COD. 
Removal of the eminating increased phosphorus discharge of 3.3 kg would 
demand a tertiary effluent treatment stage in order to eliminate the estimated 186 
t of carbon dioxide and increased oxygen consumption in the receiving water. On 
the other hand, the additional energy demand for tertiary treatment was estimat-
ed at 800 Mwh/yr meaning increased air emissions of: 
CO2 (biogenic) 	75 t /yr 
CO2 (fossil) 	200 t /yr 
NOX 	 0.37 t/yr 
SO2 0.27 t/yr 
As seen, the carbon dioxide figure from fossil energy consumption exceeds the 
possible benefit by removing phosphorus from the effluent. From an ecological 
point of view the only benefit of this measure would be a lower risk for higher 
nutrient levels, increased local primary production and subsequent increased ox-
ygen consumption. However, from the regional perspective removal of phospho-
rus is adding still more carbon dioxide to the atmosphere than without removing 
phosphorus. Finland has signed the Kyoto protocol and thus has also committed 
not to increase the emissions of greenhouse gases from the 1995 level. Although 
the present example may seem of little importance to the overall carbon dioxide 
emissions, it serves as a reminder of the importance of creating holistic approach-
es to environmental problems. If not, great risks are existing that energy resources 
that would be useful elsewhere are wasted on wrong environmental solutions with 
weak or non-existent eco-efficiency. 
A summary of the net increases of carbon dioxide emissions due to the planned 
measures is given in Figure 2. 
BASELINE: Mill TOC -* Respiratory CO2 = 442 t/yr (assuming 100 % degradation) 
AFTER ADDITIONAL EXTERNAL TREATMENT: 
GOAL: Mill TOC reduction 24 %; 442 t/yr - 106 t/yr = 336 t/yr 
I. Bioreactor, fossil carbon dioxide from energy use + 275 t/yr 
2. Activated sludge, fossil carbon dioxide from energy + 650 t/yr 
Both —* Increased PO4 load —* Biogenic CO2 + 186 t/yr 
Net increase for bioreactor without P-removal + 355 t/yr 
Net increase for activated sludge without P-removal + 730 t/yr 
Net increase, bioreactor and P-removal + 555 t/yr 
Net increase, activated sludge and P-removal + 930 t/yr 
Figure 2. Summary of net effects on carbon dioxide emissions of planned further external efflu-
ent treatment alternatives at a paper board mill. 
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4 Conclusions 
The evaluation showed that the most eco-efficient solution for treating the mill 
effluents would have been the base alternative, since the addition of COD to the 
background load was already very low. 
To reach a COD reduction from 2.4 t/day to > 1.8 t/d, which in the receiving 
water meant a drop from 0.93% to 0.7% of the background, the emissions to at-
mosphere of carbon dioxide would simultaneously increase by 275-650 t/yr. 
With the planned treatment measures, reduction of carbon dioxide to the re-
ceiving water was estimated at 106 t/yr, but increasing at the same time the phos-
phorus discharge. The predicted indirect increase of carbon dioxide production 
due to increased phosphorus discharge was 186 t/yr, giving a net increase of 34-
80 t/yr carbon dioxide, however. 
Removal of phosporus increased energy consumption causing a further 200 
t/yr increase of carbon dioxide emissions to the atmosphere. 
The total net increase of carbon dioxide emissions was estimated at 555-930 
t/yr to the atmosphere by the planned ecologically insignificant decrease of efflu-
ent COD. 
This case study showed that the net effects of further treatment of the mills 
effluents clearly were in conflict with the principles of sustainable development 
and ecoefficiency, and accordingly not environmentally defendable. 
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Abstract 
This paper introduces a methodology proposed for decision making on industrial 
investments. The methodology is based on IPPC directive (Integrated Pollution 
Prevention and Control, Council directive 96/61/EC), where air and water emis-
sions, and solid waste are viewed as a whole, being inherently connected to each 
other. Also technical, economical and environme_ al aspects are viewed as a whole, 
being simultaneously evaluated during a process development project. During 
the methodology development a generic framework for process modelling and 
calculation has been compiled being tested in a pilot project. 
Keywords: process modelling, environmental impact, LCA, data reconciliation 
I Introduction 
The work now being reported is based on a two years project (1998 — 2000) for 
testing IPPC (Integrated Pollution Prevention and Control, Council directive 96/ 
61/EC) principles in practice (Olin et al. 2000). The working procedure was com-
posed of methodology development and continuous refinement and test usage of 
the methodology While industry have always been interested on how to mini-
mise the use of raw material and energy, now both industry, citizen and authori-
ties are seeking more effective methods to define and to meet the emission levels, 
considering economical aspects and best available techniques (BAT). IPPC direc-
tive has been proposed for European member states for systematising the permit 
procedure. However, this directive still necessitates some effort to be formatted as 
practical tool to be applied both by authorities and industry. In Figure lit is shown 
the potential users of the methodology; a plant by it self and with authorities. Also 
other instances involved decision making on an industrial investment are depict-
ed in the figure (Pasanen et al. 1999). 
Now when IPPC is taking the full enforcement in EU member states, it there-
fore truly does matter how industry takes IPPC into consideration during design 
phase of process and investments. It would be beneficial both for industry and 
authorities to have means for utilising the IPPC principles during the impact cal-
culations of investment alternatives. Now, during the work reported in this paper 
it has been compiled a generic platform for evaluating the investment and per-
forming calculations. This holistic tool should provide means to build various 
modelling and abstraction views (from one black box model to exact pipes and 
equipment) and to make calculations based on detailed and/or measured process 
data. 
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Figure 1. Environmental in formation exchange. 
2 The developed methodology 
The developed methodology — SMART measurements of MASS balances (SMART-
MASS) — takes advantage of IPPC directive, trying to make it easy to apply. We 
have compiled a generic procedure — a list of actions — that is a basis of the meth-
odology. All activities started during a process development project are expected 
to fit into this generic list. 
The framework consists of a) procedural model (see Figure 2) of process de-
velopment project, b) conceptual model of a process (see Figure 3) and c) user's 
argumentation. The use of the procedural model and the process model, as well as 
decision and design argumentation is expected to reduce the gap between envi-
ronmentally and productively oriented process improvement projects. In other 
words, this methodology aims to provide a framework for combining environ-
mental performance, with detailed process models and economy. This methodol-
ogy is also expected to help the mapping of potential development targets in the 
process. According to SMARTMASS, problem definition activities or detailed proc-
ess modelling activities should be associated to (or part of) process models in-
volved. In this way all the activities can be integrated and backtracked from de-
tailed process models up to environmental impacts. 
1. Goal setting of a plant development project 6. Environmental Impact Assessment 
2. Defining current plant performance 7. Mapping of potential development targets 
3. Setting of process evaluation criteria 8. Detecting the costs and profit 
4. Defining the required data 9. Modelling of alternative process solutions 
4.  
5. Data acquisition and data processing 
info flow 
Figure 2. Procedural model. 
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Figure 3. Process model. 
Also a prototype computer tool has been developed as tool support. This proto-
type tool is a demonstration for easy way to use the methodology, to store data 
and to link other software. 
3 Pilot project: A pulp mill 
During the methodology development work, SMARTMASS has been tested with-
in a pulp mill. The usage of SMARTMASS is expected to provide more systematic 
procedure to manage process development projects by assisting to map and eval-
uate potential development targets and by aiding the modelling of alternative 
design solutions. This pilot project exploits process flow measurements over proc-
ess units and measurements of emissions to environment. This data is utilised for 
mapping of potential development targets. The mapping is based on IPPC way of 
viewing the components in Annex III. Now in this case, the mapping is also based 
on the proposed IEI-index (Cleary et al.1998); IEI.nt = Y_a((31y,), + ((32y2) + ((33y3).}. IEI 
has been proposed to be applied for normalising emission data on air,, water2 and 
soil3. Calculation of IEI-indexes and comparing the IEI terms of water, air and soil 
for various balance areas in the process can be seen as a systematic way to map the 
potential development targets. However, the comparison can be made as separate 
sets between the same term of alternatives. If comparing, say, air with water re-
quires a total commitment for the weighting factors ( and ), which normalises the 
data. Also the selection of the evaluation unit (=mg per production) effects to the 
calculation of potential development targets. After running few rounds of map-
ping the potential development targets (Executed in MS Excel®), starting from 
whole plant and via comparison of chemical recovery and fibre-line, it has been 
ended up to the settler-filter section (see Figure 4). 
The technology and methods to seek the alternatives is not limited by SMART-
MASS. There are many ways to sketch and model process alternatives. To solve 
phenomenon based balance models usually requires to specify many model pa-
rameters, such as reaction kinetic parameters, momentum transfer coefficients, 
dispersion coefficients, diffusion coefficients, bubble size distributions, heat trans-
fer coefficient or even material time distributions and flow field parameters for a 
vessel (see more from Froment and Bischoff 1990). 
The technique used in the pilot project utilises the measured elementary mass 
balance data for describing how the elementary components, such as heavy met-
als, transports and circulates in the process. The flow data is utilised for modelling 
phase distribution coefficients, which can be very time consuming through phe-
nomena based models. The flow data and the phase distribution coefficients are 
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Figure 4.A part of the whole process (top) with few lEl values (middle) and some further speci-
fied evaluation criteria (bottom). 
applied for calculation of alternative process structures together with the data from 
the plant and equipment producer. These calculations has been performed with 
data reconciliation (about data reconciliation see Schraa and Crowe 1998) and with 
a program called RECON®, which fits the data to mass and energy conservation 
lows, being capable to calculate unmeasured flows. In figure 5 it is shown a calcu-
lation for a process modification; replacing the pre-coat-filter with other type of 
filter. 
. 	.. 	
Zue.. Imo.~.u.. 	E..,a.a. 
Task: alternative_2 
ITERATIONS 
Qeq = mean residual of equations 
Ox = mean increment of measured quantities in iteration 
Oy = mean increment of unmeasured quantities in iteration 
Iter 	Oeq 	Ox 	Oy 
START 	7.65E-1 
1 	2.21752E-17 	1.21421E-4 	0.116 
2 	2.21752E-17 	1.10372E-18 	4.1531 E-18 
End of calculation 
.e1EG 
RESULTS 	System of units: mg/h 
Name of file: 	 alternative_2 
Qrrin 	 2.91 E-3 
Qmin(crit.) 	 3.84E+0 
STREAMS 
name 	type 	old value 	new value abs.error 
21 	MC 	2.200 	2.204 	0.175 
22 	NO 	0.E+0 	1.524 	0.178 
23 	MC 	0.680 	0.680 	6.6799E-2 
FILTR 	NO 	1.070 	1.071 	0.102 
PRECI 	NO 	2.600 	2.595 	0.182 
The end of results 
Figure 5. Process alternative with reconciled mass balance for a heavy metal (Cd). 
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Now, the criteria shown in figure 4 are also calculated for the alternative in 
figure 5. Also the effect of the process modification — being the removal of lime 
sludge flow to filter and to replace the pre-coat filter with other type of filter — is 
calculated over the whole plant. After that a completed set of values of evaluation 
criteria are available for making the decision. The assumed, and now calculated, 
effect in settler-filter section for the alternative was that the concentration of the 
heavy metals — Cd and Pb (Hg was below detection limit) — in dregs are going to 
be about 20% higher. The final effect of the alternative is 10-15% higher heavy 
metal content as now measured in the total solid waste from chemical recovery 
section. On the other hand, the alternative achieves lower fresh lime consump-
tion, which slightly reduces the operation costs. The mass flow of dregs in the 
alternative is about third of now being measured, still this does not necessarily 
reduce the total waste management costs because the excess lime sludge is to be 
taken out from some other point in the process. However, the heavy metal content 
in the lime sludge is 5 times lower than the heavy metal content of dregs and the 
pure lime sludge can be utilised for example as fertiliser, which may result in low-
er costs than to dump the lime sludge with dregs. Although this was not thor-
oughly studied and quantitatively calculated during the project, but the frame-
work for the calculations now exists. 
4 Results 
In respect of the usability of the methodology, it does matter how the IPPC articles 
are to be realised by authorities in member states. In respect of available process 
data and possibilities to make process improvements the crucial steps are 1) how 
the emission limit values are to be interpreted, 2) how the IPPC Annex III is to be 
realised and 3) what — if any — emission models are to be applied, for example the 
one proposed by Cleary et al. (1998). While IPPC does not give any practical meth-
ods for how to study streams on air, water and soil as being inherently connected 
to each other via process (Article 6 and Article 9 item 3), now the authors have 
proposed one method — SMARTMASS — demonstrated with elementary mass bal-
ance and plant data. 
The experiences on the use of the methodology encourage for further tests 
and case studies. The limitation of the study is the lack of true case about discus-
sions between plant and authorities. However, the main advantages of this partic-
ular work are efficient data utilisation, the open formatted procedure and docu-
mentation, as well as the flexibility to apply many kinds of technologies within 
IPPC directive -based methodology. SMARTMASS appears to be a fruitful meth-
odology to manage environmental, economical and technical aspects when mak-
ing investment decision on pulping plant. 
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Abstract 
The Principle of Precautionary Action states that the absence of data is no excuse 
for failing to act to prevent serious or irreversible harm to the environment or to 
human health. This principle has found its way into environmental legislation in 
many countries and even into the EU Treaty (Article 174), but there is no uniform 
interpretation of what it means. Some NGOs have interpreted it to be that if they 
don't like a substance, a group of substances or a particular technology, then the 
precautionary principle gives them the right to ban it on behalf of the regulatory 
bodies. Others (e.g. industry associations) have interpreted its meaning to be that 
if sufficient scientific evidence does not exist to evaluate a substance or technolo-
gy, it is acceptable to industry that the authorities put restrictions on it until scien-
tific evidence has proved or disproved the suspicion of environmental damage. 
However, these restrictions should reflect the degree of potential damage to the 
environment and the importance of the particular technology to society. In our 
paper, we shall analyse a few cases in which the precautionary principle has been 
used to regulate the pulp and paper industry. The analysis will be conducted to 
assess the risk-benefit balance to environment and society. 
Keywords: Principle of Precautionary Action, BAT, BATNEEC, COD, AOX, deink 
sludge 
! Introduction 
According to the provisions of the EU Treaty (Article 174), the environmental pol-
icy of the European Community must be based on the Principle of Precautionary 
Action (PPA). However, so far, the EG Court has not provided a clear definition of 
the PPA as it is stated in the Treaty. Depending on how it is used in environmental 
regulation and administration by Member States, it may or may not be in conflict 
with sound scientific principles. If it is used to deal with scientific uncertainties in 
the decision process, it may be in accordance with good scientific practice. How-
ever, if it is used to cover for ignorance, application of the PPA becomes irrational 
and may be damaging to industry and society. 
The requirement for Best Available Technology (BAT) is based on the applica-
tion of the PPA, and this has had unprecedented impact on the pulp and paper 
industry in various countries. However, in spite of the frequent use of BAT provi-
sions by regulatory bodies, there is still no consensus between industry and au- 
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thorities as to the rules on how to define and apply the BAT. Moreover, it is far 
from evident that the application of BAT in every single process step in a pulp and 
paper mill and in its effluent treatment system will result in optimal environmen-
tal protection and rational resource management. Therefore, it seems necessary to 
adopt a more integrated and holistic approach to environmental upgrading of the 
mills, with the objective that the over-all environmental impact of the activity should 
be below a pre-set level of "acceptable environmental impact". 
2 Historical development of the Principle of 
Precautionary Action 
The PPA emerged in German national law as the Vorsorgeprinzip, usually trans-
lated as the principle of "precaution" or "foresight". As enunciated in 1976 by the 
Federal Government of (West) Germany: 
"Environmental policy is not fully accomplished by warding off imminent hazards 
and the elimination of damage, which has occurred. Precautionary environmental 
policy requires furthermore that natural resources are protected and demands on 
them are made with care." 
The 1987 Ministerial Declaration of the Second Conference on the Protection of the 
North Sea was the first international reference to the PPA. The focus was on toxic 
substances and the required control measures were left rather open-ended: 
"(The participants) accept the principle of safeguarding the marine ecosystem of 
the North Sea by reducing polluting emissions of substances that are persistent, 
toxic and liable to bioaccumulate at source, by the use of the best available technolo-
gy (BAT) and other appropriate measures. This applies especially when there is rea-
son to assume that certain damage or harmful effects on the living resources of the 
sea are likely to be caused by such substances, even where there is no scientific evi-
dence to prove a causal link between emissions and effects ('the principle of precau-
tionary action')." 
The PPA has since then been adopted by numerous multilateral treaties and inter-
national declarations (rf. to http://www.ec.gc.ca/cepa/ip18/el8_01.html for a 
review), e.g.: 
Montreal Protocol on Substances That Deplete The Ozone Layer, 1990 
London Dumping Convention, 1972 (Resolution LDC. 44/14) (1991) 
U.N. Framework Convention on Climate Change (Article 3(3)) (1992) 
Convention on the Protection of the Marine Environment of the Baltic Sea Area 
(Article 3(2)) (1992) 
Rio Declaration on Environment and Development (Principle 15) (1992) 
Some of the international conventions and statements limit the scope of the PPA to 
toxic substances control and even more specifically to those toxic substances that 
are persistent and liable to bioaccumulate, e.g. the North Sea declaration above. 
However, the principle has been extended to cover other government policies, e.g. 
forestry management. The Biodiversity Convention implicitly includes the PPA in 
the Preamble: 
"(W)here there is a threat of significant reduction in loss of biological diversity, 
lack of full scientific certainty should not be used as a reason for postponing meas-
ures to avoid or minimise such a threat." 
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The Rio Declaration demonstrates a utilitarian version through its reference to 
"cost-effective measures" (Principle 15): 
"In order to protect the environment, the precautionary approach shall be widely 
applied by States according to their capabilities. Where there are threats of serious 
or irreversible damage, lack of full scientific certainty shall not be used as a reason 
for postponing cost-effective measures to prevent environmental degradation." 
In Article 174 of the EU Treaty it is stated that: 
"The Community's environmental policy must aim to achieve a high level of pro-
tection with regard to the different circumstances within the different regions of the 
Community. It must be based on the Principle of Precautionary Action..." 
The same Article specifies that Member States are permitted, for non-economic 
environmental reasons, to take temporary action, which — at a later stage — should 
be subject to a regulatory procedure at Community level. In this context, attention 
must be paid to: 
1. Available scientific and technical data; 
2. The environmental conditions in the various regions of the Community; 
3. The potential advantages and costs linked to action being taken or not tak-
en; 
4. The economic and social development in the Community as a whole and 
the balanced development in its regions. 
Thus, it can be inferred from these specifications that although unequivocal scien-
tific proof may not exist, the application of the PPA to a'new environmental prob-
lem' should be based on the best possible available scientific and technical data. 
Moreover, an essential element in the use of the PPA appears to be a cost-benefit 
analysis, i.e. an assessment of the consequences for society and business if the PPA 
is applied as well as a comparison with the possible consequences of not applying 
it. The introduction of regulatory action based on the PPA by a Member State may 
also be temporary, since this decision may — at a later stage — be scrutinized at the 
Community level and possibly become modified as a part of the strategy to har-
monize environmental legislation. 
Table I. IPPC proposal for BAT levels for pulp and paper mills. 
Type of production 	 COD 	BOD 	 TSS 	AOX 	Tot-N 	Tot-P 
Bleached kraft pulp 	 10-23 	0.3-1.5 	0.6-2 	0-0.25 	0.1-0.25 	0.01-0.03 
Unbleached kraft pulp 5-10 	0.5-0.7 	0.3—I 	0 	0.15-0.2 	0.01-0.02 
Mechanical pulp/newsprint 	2-5 	0.2-0.7 	0.4—I 	0 	0.05-0.1 	5-8x10-' 
Figures expressed as kg/Adt. 
The application of the PPA is caught between competing philosophies of life, one 
eco-centric and risk-adversative, the other more utilitarian and risk-taking. The 
required control measures are thus completely different. Most practical phrasings 
of the PPA are more utilitarian, allowing for some environmental trade-offs in the 
name of economic development and socio-economic benefits. The use of best avail-
able technology (BAT), or even further varied through a technology standard eased 
by cost considerations, such as best available technology not entailing excessive 
costs (BATNEEC) denotes a utilitarian approach to the PPA. The hard-core ecolog-
ical viewpoint has perceived the PPA to be a lever to eliminate, regardless of cost, 
all emissions of non-natural substances into the environment. 
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3 Application of the PPA and BAT to pulp and paper 
industry 
3.1 Regulation based on BAT in Sweden 
In its "Draft Reference Document" dated August 1999, the European IPPC Bureau 
has proposed BAT levels for pulp and paper mills, see Table 1. Requirements put 
forward by the Swedish Environmental Protection Agency (SEPA) in negotiations 
for individual permits to Swedish pulp mills usually are in the lower range of 
these IPPC BAT levels. For example, the required BAT value for COD discharges 
from bleached kraft pulp production is often set at 10-12 kg/Adt. This usually 
implies that mills — after having implemented all possible internal measures to 
reduce the COD load — also have to upgrade their existing secondary wastewater 
treatment to a high-efficiency activated sludge treatment system. In addition to 
the considerable increase in capital and operational costs, such measures result in 
a substantial increase in material and energy consumption and may create a new 
"sludge problem". In several cases, the indirect environmental impact through 
the increment in energy need and sludge production, resulting from the extreme 
focus on BAT levels for COD discharges with effluents, have been found to be 
greater than the direct impact of the reduced amount of COD itself. It has even 
been demonstrated in some cases that the enhanced efficiency of the wastewater 
treatment has resulted in so much greater discharges of phosphorus and nitrogen 
that the resulting incremental biomass produced in the receiving waters largely 
outweighed the additional amount of organic matter being eliminated in the up-
graded treatment system. 
The combined final effluents (before secondary treatment) from many mod-
ern pulp mills, after dilution to realistic, environmental concentrations, have no or 
only minor effects on the physiological status of fish (SEPA, 1997). In these cases, it 
may be hard to justify that there is a need to add a secondary, activated sludge 
treatment system, even if the BAT principle prescribes that this should be done. It 
would be even more difficult to argue for this BAT-based investment in those few 
cases where is has been shown that the biological effects on fish were somewhat 
enhanced in the treated wastewater as compared to the untreated (Grahn and Land-
ner, 1998). 
It is therefore quite obvious that an environmental policy characterized by a 
compartmentalized application of BAT/PPA, lacking an integrated and holistic 
view of the complexity of environmental issues, runs a high risk to become coun-
ter-productive. The objective of protective measures to be taken in a pulp mill 
should be to reduce the over-all environmental impact, both the direct and the 
indirect one, to an acceptable level. It must be kept in mind that not only the pro-
duction process as such can cause (direct) environmental impact, but also the use 
of resources for the various measures taken to reduce this direct impact is causing 
various degrees of (mainly indirect) environmental impact, i.e. in areas far from 
the production site. This relationship is illustrated in Figure 1, from which it can 
be seen that the total environmental impact of an industrial activity reaches a min-
imum at an optimal level of measures, i.e. not necessarily at a maximal level of 
measures (Hultman, 1999). 
If the minimum impact of a given pulp mill is still unacceptable for the envi-
ronment, the goal should be to improve the environmental standard of the mill in 
such a way that the optimal level of measures reduces the impact to a level that is 
acceptable (see Figure 2). In this fine-tuning of the mill's environmental standard, 
an uncritical use of BAT/PPA for individual process steps is of little help. What is 
needed to guide the industry and the environmental authorities is a set of practi- 
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cal guidelines, tools and criteria for how to determine what is an "acceptable envi-
ronmental impact" of pulp mill effluents. A first attempt to develop such a manual 
was made in a joint project implemented by the Swedish Forest Industry and the 
SEPA (SEPA, 1997). A further development of these guidelines has subsequently 
been made, and will be presented at this conference (Larsson et al., 2000). 
3.2 Application of the BATIPPA to AOX issues in North America 
Organochlorines have been the focus of regulators ever since the misinterpreta-
tions of data from the Swedish Norrsundet study in the 1980s. British Columbia 
still has a law pending that AOX discharges from bleached pulp production should 
be zero by 2000 (Colodey et al., 1999). This will not be complied with, because the 
time left does not allow for reconstruction of the mills. Ontario is in a similar situ-
ation, but is trying to find a way out (Borgmann et al., 1999). In the US, the EPA 
guidelines are set to 0.6 kg/Adt as a maximum monthly average, but here the time 
of compliance is about ten years. 
Common for all these regulations is that there is no scientific evidence dem-
onstrating that this will improve the environmental performance of the mills in-
volved (Folke et al., 1999; Folke et al., 1994). 
3.3 Application of the PPA to a Danish secondary fibre mill. 
A final example is the Danish Maglemolle mill producing deinked pulp from fine 
office waste paper, which gives about 33% sludge. Maglemolle applied for a coun-
ty permit to spread this on agricultural land, e.g. for growing Christmas trees. The 
County required Maglemolle to conduct a number of scientific studies (Damborg 
et al., 1996; Turslev et al., 1996). When the studies were finished, the County still 
refused to reflect on them and the permission was denied with reference to the 
PPA. Part of the sludge was then exported to Sweden and applied on agricultural 
land there. Today the problem is solved, the sludge is burnt in a cement kiln, but 
the case shows how the PPA can be used not to take action on the basis of present 
scientific knowledge. 
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4 Conclusions 
The following conclusions may be drawn: 
1. The Principle is today an inherent part of the environmental legislation in 
most OECD countries, so industry will have to live with it. 
2. The utilitarian approach to the interpretation of the PPA is in many cases in 
line with good science. 
3. The application of BAT as the utilitarian approach to PPA is not necessarily 
in line with environmental protection. 
4. Although BAT might have been a useful regulatory means during the early 
phases of a long-term programme to improve the environmental standard 
of mills, it is nowadays much less effective than regulation based on indi-
vidual studies of the mill's total environmental impact. 
5. The PPA can never substitute solid scientific studies, and never be used as 
an excuse for not regarding such studies in a permitting process. 
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changes in environmental impacts - 
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Catastrophe theory and Life Cycle 
Assessment 
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Abstract 
In many cases, there can be a sudden nonlinear jump in environmental impacts, 
for better or for worse. However, these discontinuities have been researched to a 
fairly limited degree, while their importance, both practical and theoretical, is sig-
nificant. In examining these phenomena, we decided on the following approach: 
1) use the integrated viewpoint in assessing the environmental impacts 2) utilise 
catastrophe theory as the framework within which to encapsulate the discontinu-
ities 3) illustrate the discontinuities with concrete example cases, using life cycle 
assessment to calculate impacts along a path of events. 
Keywords: Life Cycle Assessment, non-linearity, environmental impacts, catastro-
phe theory, integrated viewpoint 
I Introduction 
Nonlinearity is an all too natural property of physical phenomena. However, for 
many of the central environmental assessment types, a pervasive assumption of 
nonlinearity colours the thinking. Yet it is not hard to think of examples to the 
contrary. The tolerance limit of the environment can often be relatively high, but 
when this limit is reached, an almost infinitesimal change can dramatically re-
verse the situation. As an example of this, different studies show that toxicity of-
ten is a nonlinear function of dose (e.g. Moore & al. 1999). As a further example, 
most emission models act in a completely linear fashion, ignoring the impact of 
diffuse emissions which can account for a surprising proportion of the total. 
However, the sudden jumps can also be for better. This not only applies to 
natural phenomena but also e.g. to the environmental impact of a series of invest-
ments. The key question in all investments, also in environmental ones, is cost-
efficiency. Bringing non-linearity into environmental investments is a necessary 
step towards realism. Moreover, an integrated viewpoint is essential in dealing 
with the added realism. 
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I. 1 Linear or non-linear, that is the question 
In Life Cycle Assessment (LCA), environmental impacts are considered to be line-
ar. Assessments are generic by nature, lacking a specific spatial and temporal con-
text (Page et al. 1999). The analysis often represents an assessment of incremental, 
rather then cumulative environmental burden, from which actual impacts then 
are calculated. Most of the commercially available LCA computer programmes 
likewise use linear equations. Here, the abilities of the tool would sometimes seem 
to restrict thinking. Strictly speaking, a continued assumption of linearity makes 
LCA fundamentally unsuitable as a source of input data for e.g. risk assessments 
or any assessments where there is a great chance of an activation threshold of a 
non-linear nature. 
1.2 Catastrophe theory 
Catastrophe theory, originated by the French mathematician Rene Thom (1923—) 
mainly in the 60's, is a special branch of dynamical systems theory. It studies and 
classifies phenomena characterised by sudden shifts in behaviour arising from 
small changes in circumstances. It is thus, in principle, eminently suited for work 
on cases where environmental impacts suddenly change significantly due to a 
change in some variable. The theory has had its successes and failures, and is cur-
rently "out of fashion". However, we saw promise in trying to apply to the prob-
lem of nonlinearity in environmental phenomena. Thom, a pure mathematician 
but also one of the rare breed of natural philosophers, created an alternative way 
of looking at the world, one pointing out qualitative similarities in a wide variety 
of processes — but with the additional property that the analogies can be rigorous-
ly classified and combined. There is no room here for a thorough introduction to 
catastrophe theory (for more information on a layman level see e.g. Woodcock et 
al. 1980 and Postle, 1980): let's just state that central to it is a mathematical lan-
guage taking shape in a series of seven elementary catastrophes. A catastrophe 
here implies any discontinuous transition which occurs when a system can have 
more than one stable state or can follow more than one stable pathway of change. 
The catastrophe is the jump from one state or pathway to another. The seven ele-
mentary catastrophes are the seven simplest ways for such a transition to occur. In 
other words, they are landscapes of nonlinear change. The simplest of the elemen-
tary catastrophes is the "cusp" (Fig. 1). In the diagram, we see two control dimen-
sions which can be seen as the x- and y-axes. The third dimension, the z-axis, is the 
peculiar one. If we proceed along path 1, we can reach a point high on the fold: (xl, 
yl, z1). If we proceed along path 2, however, we arrive at (xl, yl, z2): the same x-
and y-coordinates, but a different value for the z-axis. Furthermore, if we move 
from (xl, yl, z1) increasing the y-value, a sudden jump in the z-value occurs. Thus, 
the cusp is eminently suited for illustrating nonlinearities where e.g. using differ-
ent systems control methods gives completely different end results. 
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Figure I. The cusp. (Woodcock et al 1980, p. 56) 
2 The example case 
We used the "cusp" to illustrate the case where an integrated fine paper mill made 
investments in order to improve its environmental performance. The first invest-
ment trimmed the raw material use of the mill. The second one concentrated on 
waste water treatment. The third investment was a new scrubber, which reduced 
the mill's sulphur dioxide and particulate emissions. In the last investment, which 
was significantly larger than the three earlier ones, the bleach plant water system 
was closed and a new evaporation plant was built. In another context, we have 
presented a system for classifying investments according to their purpose (Vasara 
et al. 2000). One of the key figures in our system is the "bull's eye" diagram (Fig-
ure. 2) which divides investments into three areas: the purely environmental (the 
green zone), the purely economic (the blue zone) and the in-between (the gray 
zone). Figure. 2 shows the investments used in this example classified according 
to our integrated enviro-economic classification system. 
3) scru 
ig of raw material use 
2) waste water treatment 
bleach plant 
eter system closure 
Figure 2. The "Bull's eye" of investments. 
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The effects of the investments were studied from a life cycle perspective. A cradle 
to gate analysis of fine paper manufacturing was made, taking into account both 
the on-site and off-site environmental impacts of forest growth, wood harvesting, 
energy generation and chemicals manufacturing. Paper end use was left out of the 
scope. The following figure shows the boundaries of the life cycle analysis. 
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Figure 3. Life cycle analysis system. 
Different emissions as such, e.g. CO2, SO2, NO., COD, N, P and solid waste were 
examined together with raw material and energy consumption. However, total 
impact valuations were also made with the aid of a "valuation basket" based on 
different valuation methods. This was done, even though the significance and cor-
rectness of the current types of valuation methods can be questioned, in order to 
demonstrate the overall impacts of the investments. It may seem contradictory to 
use LCA after condemning it for nonlinearity, but there is a difference here: we use 
the linear LCA together with a non-linear tool for result interpretation. 
3 Results and discussion 
The investment path is illustrated by a cusp where both environmental and eco-
nomical impacts are depicted (with environmental impacts as one control axis 
and cumulated investments as the other). Depending on the order in which the 
steps in the investment programme are carried out and communicated, the envi-
ronmental image (the z-axis) of the mill moves up or down. Starting with a low-
cost, environmentally efficient investment such as a scrubber, accompanied by 
good publicity, puts the mills on a path keeping to the upper fold and a good 
environmental image. Starting, however, with a higher-cost, often purely finan-
cially motivated investment such as process trimming means following a path on 
the lower fold. While the x and y coordinates are the same at the end point (the 
final environmental impacts and cumulated costs are the same regardless of the 
sequence of investments), there is a significant difference in environmental image. 
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Sticking with this model also means that an investment which notably in-
creases environmental impacts (as a whole) may topple the image suddenly from 
the end position on the upper fold to the lower fold. However, also a "win-win" 
grey zone investment (as per the bull's-eye-model) can have a negative effect on 
the mill environmental image, if the effects of the investment are communicated 
in the wrong way 
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Figure 4.The impact cusp. 
4 Conclusions 
What we have looked at are 
• three modes of nonlinearity in environmental assessments (natural phe-
nomena/toxicity, environmental investments, links to environmental im-
age) 
• a way to present the nonlinearities and the importance of following the cor-
rect path/sequence of actions 
In this short space, we have not gone deeper into catastrophe theory or even ex-
ploited our material to the full. This was not the intention, either. What we aimed 
at was to bring up the topic of nonlinearity, and the fact that there are interesting 
tools for those that dare take that particular pathway of unorthodoxy. Given that 
our case was a very simple one, it should be safe to say that complex ecosystems 
would yield much more dramatic changes. 
In conclusion, we claim that: 
1) The methodology chosen seems suitably for researching and understanding 
this type of phenomena. 
2) The cases we have looked at only seem to confirm the need for further 
study in this area. 
3) Moreover, the dangers of using a non-integrated viewpoint are very obvi-
ous in our examples — only be seeing the big picture is it possible to choose 
the right path. 
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Whether the right path gives the desired results for rational reasons is a different 
point altogether. 
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Abstract 
The environmental impacts of the production of Portuguese printing and writing 
paper from Eucalyptus globulus kraft pulp were assessed using Life Cycle Assess-
ment (LCA). The system under study includes forestry, pulp production, paper 
production, wastepaper final disposal, transports and production of energy, chem-
icals and fuels. The results are presented and discussed at inventory analysis and 
impact assessment levels. The results suggest that the pulp and paper production 
processes contribute significantly to almost all of the analysed inventory parame-
ters and impact assessment categories. 
Keywords: LCA, printing and writing paper, pulp, Eucalyptus globulus 
I Introduction 
This presentation summarises the main findings of the study "Life Cycle Assess-
ment of the Activity: from Eucalypt to Paper" funded by the program PRAXIS XXI 
and the FCT — Fundacäo para a Ciencia e a Tecnologia (Foundation for Science and 
Technology) and carried out by the University of Aveiro and the Agronomy Supe-
rior Institute in close co-operation with the Portuguese pulp and paper industry. 
The ultimate goal of this study is the evaluation of the environmental sustainabil-
ity of the global activity from forest to paper final disposal. LCA was chosen to 
achieve this goal because it allows a thorough knowledge about the total activity 
and it covers several emissions and consumptions of resources as well as impacts 
on environment. 
This study was performed in accordance with ISO (International organiza-
tion for Standardization) methodology (ISO 1997, ISO 1998a, ISO 1998b, ISO 1998c). 
2 Methodology 
2.1 Goal and scope definition 
The goal of this study is to assess the environmental impacts of the printing and 
writing paper produced in Portugal and consumed in Central Europe over its en-
tire life cycle in order to identify the processes that have the largest environmental 
impact. Most of the printing and writing paper produced in Portugal is exported 
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to European countries. The example of the German market was selected to per-
form this study The functional unit (FU) was defined as one tonne of printing and 
writing paper produced in Portugal from Eucalyptus globulus kraft pulp and con-
sumed in Germany. The system boundaries comprise the following main stages: 
forestry, pulp production, printing and writing paper production, use and final 
disposal. The processes related with these stages are indicated in Table 1. 
The production and maintenance of capital goods was left outside the system 
boundaries. 
The production and fate of the inputs and outputs that represent less than 1% 
(mass) of the FU were excluded from the study. Exceptions to this cut-off criterion 
are the productions of hydrogen peroxide and sodium chlorate used in the pulp 
production processes since they are energy-intensive processes (Strömberg et al 
1997). 
Table I. Main stages in paper life cycle and corresponding processes. 
Stages 	Processes 
Forestry 	Eucalyptus forest, softwood forest 
Pulp production Eucalyptus pulp production process, softwood pulp production process, chemicals production, energy 
production in the grid, transport of wood to the pulp mills, transport of chemicals 
Paper production Printing and writing paper production, chemicals production, fuel production, energy production in the 
grid, transport of softwood pulp to the paper mill, transport of chemicals and fuel 
Use 	 Transport of paper to Germany and paper distribution in Germany 
Final disposal 	Landfilling, incineration, sorting, DIP for graphical papers production process, packaging papers 
production processes (from wastepaper), tissue production process (from wastepaper), packaging 
papers production processes (from virgin fibre, to avoid allocation), tissue production process (from 
virgin fibre, to avoid allocation), chemicals production, fuel production, energy production in the grid, 
transport of wastepaper from the user to the several disposal alternatives 
2.2 Inventory analysis 
2.2.1 Data sources and quality 
For the eucalyptus forest (except for the air emissions originated in the mechanical 
operations fuel consumption), the eucalyptus pulp production process, the print-
ing and writing paper production process, the PCC (precipitated calcium carbon-
ate) production process and the transports (distances) site-specific data were col-
lected from the pulp and paper industry and other involved bodies. For the other 
processes, data were obtained from the literature and specialised databases (FEF-
CO 1997, Habersatter et al 1991, Habersatter et al 1998, KCL-ECO, EcoData 1999, 
Virtanen 1993). 
2.2.2 Allocation procedures 
In this study some allocation procedures were applied: 
• the eucalyptus pulp production process considered in this study is 100% in-
tegrated with the paper production process. Since the available data re-
ferred to partially integrated processes, the existing systems were disaggre-
gated and the data associated with the drying section of the pulp produc-
tion were excluded; 
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in the processes that produce surplus electricity (eucalyptus pulp produc-
tion process, softwood pulp production process, landfilling, incineration 
and packaging papers production from wastepaper) the environmental 
burdens associated with the production of the same amount of electricity in 
the corresponding national grids where the processes take place were sub-
tracted from these processes inputs and outputs ("avoided burdens ap-
proach"); 
in the wastepaper recycling processes the "avoided burdens approach" was 
also used, considering the production of packaging papers and tissue from 
virgin fibre. 
2.2.3 CO2 balance in forestry 
For the eucalyptus forest a net CO2 sequestration was calculated subtracting the 
CO2 emission caused by the decay of slash (bark, branches and leaves) left during 
harvest from the CO2 sequestration for biomass (wood, bark, branches and leaves) 
build up. CO2 sequestration was quantified on the basis of several parameters 
such as the carbon content of each biomass component and the distribution of 
each component in the biomass. CO2 emission was calculated taking into account 
the amount of slash produced during forest harvesting and its decay rates. 
2.3 Impact assessment 
A quantitative impact assessment was performed for a selection of impact catego-
ries: global warming 100 years (GW), acidification (A), eutrophication (E), non-
renewable resources depletion (NRRD) and photochemical oxidant formation 
(POF). Table 2 shows the inventory parameters assigned to each impact category. 
The characterisation factors that allow the aggregation of parameters within the 
impact categories were taken from the literature (Jensen et al 1997, Lindfors et al 
1995). Neither normalisation nor grouping and weighting have been performed. 
Table 2. Impact categories and corresponding parameters. 
Impact category 	 Parameters 
Global warming, 100 years (GW) 	Non-renewable CO2, CH4, N20 
Acidification (A) 	 SO4  NO, HCI, NH3, HF, H2S 
Eutrophication (E) 	 NO,  air, NH3 air, N water, NO3 water, NH4  water, P water, PO4'- water, 
COD water 
Non-renewable resources depletion (NRRD) 	Crude oil, Natural gas, Coal 
Photochemical oxidant formation (POF) 	CH4, Halogenated hydrocarbons, Aromatic hydrocarbons 
3 Results and discussion 
The inventory parameters selected for analysis are: non-renewable CO2, renewa-
ble CO2, NO, SO2, renewable energy, non-renewable energy, COD and AOX. The 
inventory results are shown in Figure 1. The percentages refer to the total emis-
sions or energy consumptions during the whole paper life cycle within each in-
ventory parameter. 
The contribution of the forestry stage to the analysed emissions and to ener-
gy consumption is not relevant. On the other hand, this stage is responsible for a 
global renewable CO2 net sequestration. CO2 sequestration by eucalyptus and soft-
wood forest for the production of the wood and bark consumed in the pulp pro- 
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duction processes exceeds in approximately 30% the renewable CO2 emissions 
originated by these materials during the paper life cycle, namely, in the pulp pro-
duction processes and in paper landfilling and incineration. CO2 sequestration by 
the forest is approximately 80% of total CO2 emitted during the paper life cycle. 
The pulp production is an important stage regarding water emissions (COD 
and AOX), renewable energy consumption and, consequently, renewable CO2 
emissions. The larger contribution comes from the eucalyptus pulp production 
process (eucalyptus pulp represents 80% of the pulp consumed by the paper pro-
duction process). All the energy consumed in the pulp production processes is 
based in renewable fuels (bark and black liquor). 
The paper production stage plays a significant role in some air emissions 
(non-renewable CO2 and SO2) and in non-renewable energy consumption. Within 
the paper production stage the most important processes to this contribution are 
fuel oil combustion for on site energy production and the production, in the Por-
tuguese grid, of the electricity consumed in the paper production process. This 
stage is also a significant contributor to NO and COD emissions. 
The use stage is, together with the paper production stage, the most impor-
tant source of NO emissions. It is important to point out that this is due to the 
transportation of paper, which is mainly done by truck. 
In the final disposal stage, many parameters show negative values, which is 
the result of the "avoided burdens approach" used to avoid allocation. It means 
that the environmental burdens associated with the processes used to give "cred-
it" are greater than those from wastepaper final disposal. 
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Figure I. Inventory results. 
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Figure 2. Impact assessment results. 
The impact assessment results are shown graphically in Figure 2. The percentages 
refer to the total potential impact within each category. 
The paper production stage has a significant contribution to global warming 
(mainly due to non-renewable CO2 emissions), acidification (mainly due to SO2 
emissions) and non-renewable resources depletion (mainly due to fuel oil con-
sumption). 
The pulp production stage is an important contributor to eutrophication, as a 
consequence of its COD emissions. 
The final disposal stage assumes a predominant role in photochemical oxi-
dant formation as a result of methane emissions in wastepaper landfilling. 
4 Conclusions 
The results suggest that the pulp and paper production processes contribute sig-
nificantly to almost all of the analysed inventory parameters and impact assess-
ment categories. More specifically, in the paper production process, on site energy 
production based on fuel oil plays an important role on air emissions and non-
renewable energy consumption, and, consequently, on the impact categories that 
consider these parameters. The pulp production processes have an important con-
tribution to water emissions, resulting in a major contribution to eutrophication. 
Since all of the energy consumed by the pulp production processes comes from 
renewable fuels, these processes have also an important role in renewable energy 
consumption and renewable CO2 emissions. 
The net CO2 sequestration by the forest results in a reduction of total CO2 
emissions during the paper life cycle. 
The use stage is very important regarding NOX  emissions. 
Methane emissions by landfilling are the main contributors to photochemical 
oxidant formation. 
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Life cycle assessments of paper and 
board recycling 
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Abstract 
Many environmental life cycle assessments have been carried through to compare 
paper recycling and incineration. Different studies have arrived at different con-
clusions due to differences in the methods applied. The comparison can be per-
formed for different decisions and from different ethical, time, and geographical 
perspectives. Different methodological choices are adequate for different decisions 
and perspectives. Hence, to obtain a good answer, the comparison needs to be 
specified in terms of what perspectives are relevant. 
Keywords: Paper recycling, waste incineration, life cycle assessment, life cycle in-
ventory analysis, methodology 
I Introduction 
An environmental life cycle assessment (LCA) is a compilation and evaluation of 
the material and energy flows and of the potential environmental impacts of the 
life cycle of a product (ISO 1997). Many LCAs have been carried through to assess 
wood fibre recycling (Finnveden & Ekvall 1998), for example to compare paper 
and board recycling to incineration with energy recovery. This comparison is in-
teresting because both waste management options may result in an environmen-
tal gain. Material recycling can reduce the environmental burdens associated with 
primary material production. Energy recovery can reduce the environmental bur-
dens associated with alternative energy production. The broad, systemic approach 
of LCA potentially makes it possible to carry through a comprehensive evaluation 
of the environmental burdens and gains of the different options. However, differ-
ent LCAs have arrived at different conclusions regarding which option is the best. 
This to a large extent is due to differences in the methods used for inventory anal-
ysis (LCI) (Ekvall 1992). Key issues in the LCI methodology have been identified 
through comparisons of different studies (e.g., Finnveden & Ekvall 1998). Impor-
tant methodological issues include the definition of system boundaries, alloca-
tion, assumptions and choice of data (Ekvall 1999). This paper presents an over-
view of the issues that are important for the results of the comparison. The paper 
also includes a discussion on what methodological choices or assumptions are 
adequate from different perspectives. 
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2 Key methodological issues 
The factors that are important for the environmental comparison between energy 
recovery and material recycling are presented with the help of Figure 1: 
I 	The environmental gain of waste incineration depends on what energy is 
replaced by the waste paper. 
II The environmental gain of recycling depends on what material is replaced 
by the recycled fibres. 
III When recycled fibres replace virgin fibres as raw material for pulp produc-
tion, the pulpwood requirements for this pulp production are reduced. The 
environmental consequences depend on how the pulpwood savings are 
used. 
IV When recycled fibres replace virgin fibres as raw material for pulp produc-
tion, the available amount of internal, renewable fuel (bark, liquor) is re-
duced. The demand for external fuel is likely to increase, particularly when 
primary, chemical pulp is replaced. The environmental consequences de-
pend on what external fuel is used. 
V When pulp based on recycled fibres replace primary, mechanical pulp, the 
electricity demand is reduced. The environmental gain from this reduction 
depends on how this electricity is produced. 
(III) 
Other used 	 (V) 	Electricity 	Forestry 	Alt. use of 
paper production pulpwood 
products 
(IV) 	Fuel 	Pulp & paper 
Collection 	 production 
	production 
(II) 
Market for J Pulp & paper 	Paper market recovered j production 
fibres 	 (II) 
Collection 
Paper 
products 
investigated 
Use 
I Incineration I 
i 	 (I) 
Energy market 	Alternative energy prod. 
Figure 1. Simplified illustration of the system that can be affected by the choice between recy-
cling and incineration of used paper and board. The numbers refer to key factors that are dis-
cussed in the text. 
3 Possible perspectives 
The environmental comparison between energy recovery and material recycling 
can be done from various different perspectives. First, the comparison can be done 
to support different decisions. For example, the decision-makers can be consum-
ers choosing between putting the waste paper either in a dustbin with mixed waste 
that goes to incineration or in a bin for source separated paper that goes to recy-
cling. Or they can be policy makers choosing between either investing in waste 
incineration plants or pushing for increased recycling rates. 
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Second, the comparison can be based on different ethical perspectives. One 
possible perspective is that the best choice is the choice that has the best environ-
mental consequences. An alternative perspective is that the best choice is the choice 
that contributes the least to environmentally poor systems (Ekvall 2000a). 
Third, the alternatives can be compared in different time perspectives. Econ-
omists distinguish between the short-term and long-term perspectives. In the short-
term perspective, the production capacity of different systems is assumed to be 
constant but the utilisation of the systems varies. In the long-term perspective, the 
production capacity of different systems can change. In addition to the two eco-
nomic time perspectives, the alternatives can be compared in the context of a sus-
tainable future scenario. 
Fourth, the decision can concern systems in different locations. For example, 
the waste incineration might be located in Finland, Sweden, or in another country. 
4 The alternative fuel from different perspectives 
In most countries, the waste incinerator capacity is currently not sufficient to deal 
with all available, combustible waste (Ekvall & Finnveden 1999). This can be im-
portant for the comparison if the decision at hand is the choice between putting 
the paper in the bin for incineration or the bin for recycling. It means that paper 
that is sent to the incineration plant replaces other waste flows in the waste incin-
erator, at least in the short-term perspective. The waste flows thus replaced will 
probably end up at landfills, and there will be no significant environmental gain 
from the waste paper incineration. If the ethical starting point is that the best op-
tion is the one with the best consequences, waste incineration does not appear to 
be a good option, at least not in the short-term perspective. 
If the ethical starting point is that the best option is the one that contributes to 
the best systems, it is reasonable to account for the fact that the energy recovery 
system reduces the demand for other energy sources. It can be argued that it is not 
through the fault of the consumer that the waste incineration capacity is insuffi-
cient. By sending the paper waste to incineration, the consumer contributes to the 
energy recovery system. This can be regarded as a good action. 
If the decision at hand is to increase the capacity of waste incineration with 
energy recovery, this decision will increase the total amount of energy that is re-
covered from combustible waste. This increase will reduce the demand for other 
energy sources. What energy source is replaced depends on whether the energy in 
the waste is recovered in the form of heat and/or electricity. It also depends on 
where in the world the waste incinerator is located. Finally, it depends on the time 
perspective of the comparison. 
5 The alternative material from different perspectives 
In most LCAs, it is assumed that the recycled fibres from the system investigated 
replaces virgin fibres. In fact, the recycled material may also replace recycled fi-
bres from other sources, completely different types of material or no material at all 
(Ekvall & Finnveden 1999). Paper that is collected for recycling enters an interna-
tional market, where it competes with waste paper from other countries (Ekvall 
2000b). Increased collection for recycling in one country may result in increased 
use of recycled fibres, but it may also result in reduced collection in other coun-
tries. 
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This can be important for the comparison, at least if the decision at hand is 
the choice between putting the paper in the bin for incineration or the bin for 
recycling. It means that paper that is sent to recycling in part replaces other waste 
paper flows. The waste flows thus replaced will probably end up at landfills, as 
long as the waste incinerator capacity is small. This reduces the environmental 
gain from the paper collection investigated. If the ethical starting point is that the 
best option is the one with the best consequences, the advantages of recycling 
become smaller than in most previous LCAs. 
If the ethical starting point is that the best option is the one that contributes to 
the best systems, it can still be argued that sending the paper to recycling contrib-
utes to the recycling system. This system is good, it can be argued, because it re-
sults in an environmental gain, partly originating from the reduction in pulpwood 
demand, and partly from energy savings in the pulping processes. However, it 
should be noted that sending the paper waste to recycling is not sufficient to ob-
tain this environmental gain. It is also necessary to demand products based on 
recycled fibres instead of products based on virgin fibres. Hence, it can be argued 
also from this ethical starting point, the environmental advantages of sending pa-
per waste to recycling are smaller than most previous LCAs indicate. 
If the decision at hand is to implement a strategy that results in increased 
total recycling rates for paper, this strategy will, of course, result in the full envi-
ronmental gain of increased recycling. From above it can be concluded, however, 
that the strategy might be ineffective if it only stimulates the collection of paper 
waste in a limited geographical area. 
6 The alternative pulpwood use from different 
perspectives 
When recycled fibres replace virgin fibres as raw material for pulp production, the 
pulpwood requirements for this pulp production are reduced. The type and mag-
nitude of the environmental consequences depend on the alternative use of the 
pulpwood that is saved through recycling. In the short term, this pulpwood might 
be used for production of other pulp and paper products. These products might, 
in part, replace paper or other products that are produced in other parts of the 
world. Hence, recycling in the Nordic countries may lead to an environmental 
gain in other parts of the world. 
On the other hand, the production of additional pulp and paper products 
might result in an increased total production. The direct result will be increased 
consumption and increased environmental impacts. 
In a sustainable future scenario, a reduced pulpwood demand might result 
in increased use of wood for other purposes, e.g., for fuel production (Finnveden 
& Ekvall 1999). The environmental gain in this perspective depends on what ener-
gy is replaced by the wood fuel. 
7 The external fuel from different perspectives 
When recycled fibres replace primary pulp, residues from the secondary pulp pro-
duction can sometimes replace the bark and liquor as energy source. Otherwise, 
the demand for external fuel is likely to increase. This fuel can be fossil or external, 
renewable fuel. However, the effect of using external, renewable fuel for produc-
ing paper based on recycled fibres can be that less renewable fuel is available for 
other purposes. Consequently, the use of fossil fuel for other purposes can be in- 
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creased. If the focus is on the consequences of the recycling decision, this possibil-
ity should be taken into account. It is not necessary if the focus is on the systems to 
which the recycling contributes. 
In a sustainable future scenario, fossil fuels are probably not used. Hence, the 
external energy is bound to be renewable energy. 
8 The electricity production from different 
perspectives 
When recycled fibres replace primary, mechanical pulp, the electricity demand is 
reduced. The environmental gain from this reduction depends on the marginal 
technology for production of base-load electricity in the area. Hence, if the focus is 
on the consequences of the decision, the electricity production should be mod-
elled using data for the marginal production of base-load electricity in the area. In 
the short-term perspective, the marginal base-load electricity in the Nordic coun-
tries is existing, coal based electricity. In the long-term perspective, the marginal 
can be new power plants based on coal or natural gas (Frees & Weidema 1998). In 
Sweden, the long-term marginal can also be existing nuclear power plants (Ekvall 
et al. 1998). 
If the focus is on the systems to which we contribute, it is reasonable to model 
the electricity production with average data. However, it is not clear if the com-
parison should be based on averages for the company from which the electricity is 
bought, for the country in which the electricity is used or for the total, Nordic 
electricity system (Ekvall 2000a). 
In a sustainable future scenario, the marginal and average electricity is likely 
to be based on renewable energy sources, independently of where the electricity is 
used. 
9 Conclusions 
There is no clear-cut answer to the general question whether recycling or inciner-
ation with energy recovery is the environmentally better option for wastepaper 
management. The results of an LCA will depend on methodological choices, and 
different choices are adequate for different decisions and perspectives. Hence, to 
obtain a good answer, the question needs to be better specified in terms of what 
decision is at hand, what is meant by "environmentally better", and what is the 
time perspective and the geographical area. 
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Abstract 
Typical industrial logs of Radiata pine were treated with one white rot fungi: Ceri-
poriopsis sp. The treatment was separated for other group considered as a control 
sample. The treatment had three development periods for the fungal action and 
the mean moisture level of logs was 80%. During the experience, and in order to 
know the evolution of chemical composition of the wood, classic determinations 
were made for lignin, cellulose, hemicellulose and extractives. As a response of 
treatment, the following characteristics and properties were evaluated: yield, Ka-
ppa index and viscosity. Based on chemical characterization, it was found that for 
Radiata pine, Ceriporiopsis sp has an effective power of delignification and leaves 
more residual hemicellulose. For biopulp, derived from treated logs, the viscosity 
was a little higher than for the control samples. In biopulps, for more yield the 
Kappa index is lower, what means that bleaching could be less intensive and con-
tamination indexes lower. 
Keywords: WRF (White Rot Fungi), biopulp, Kraft, Kappa index 
I Introduction 
World pulping production at present is oriented towards three major goals: less 
contamination in the process, integral use of the natural resources, and more eco-
nomical technologies. The biotechnology for pulp industrial use was defined in 
1985, (4), and at the same time the study of lignin degradation by the action of 
white rot fungi (WRF) was intensified, (5). In the last few years, different studies 
have attempt to determine the enzyme action, molecular degradation, tempera-
ture conditions, pH, and different kinds of radiations. The main applications of 
WRF are in biobleaching, (5, 6, 7, 15 and 2). The most important objective is to 
determine the selectivity of fungi in lignin degradation and at the same time the 
minimum effect on the cellulose in yield and polymerization degree, (1). The first 
study of hardwood treated with Phanerochaete (1991), (16), reported that the yields 
of kraft pulps at the same Kappa number were most important on chips treated 
with Phanerochaete, and the response to refining was also better with a higher hy-
drophilit . Increase in yield, total and classified of 1.8 to 2.3 points has been ob-
tained with lower Kappa and better properties with less refining energy in Radiata 
pine (9, 10 and 11). 
The purpose of this research was to determine the effect of Ceriporiopsis sp 
acting on Radiata Pine logs. The effect of action was evaluated at 45, 90 and 120 
days, for log's moisture content of 80%. Chemical characterization was made for 
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all the period whereas for Kraft pulping, it was the for three times. Classical deter-
minations were made for the pulps and were compared with the control samples. 
The main objectives were to evaluate lignin degradation of Pinus radiata by the 
action of this WRE, of well-known behaviour, and to study the chemical evolution 
during the treatments. The pulping of samples enables the determination of total 
and classiffied yields, viscosity and Kappa index. 
2 Methodology 
2.1. Wood 
Wood was obtained from industrial use process with the characteristics of 14 to 18 
cm of diametre. They were controlled with 80% moisture contents to 60%. One 
group of about 15 m3 was treated with WRF and other one was prepared as con-
trol. The culture of WRE, was made in according to BSI N° 838, (9). The treatments 
were carried out under laboratory conditions at 23°C and 95% of relative humi-
dity. 
2.2 Chemical determinations 
The chemical composition of wood was determined at 45, 90, and 120 days to 
evaluate the chemical action of the WRF and their influence on the pulping condi-
tions. These determinations were as follow: 
Cellulose: Tappi T 17 wd-70.(1984).1994. Lignin: Tappi T 13 wd-74(1984).1994. 
Extractives: Tappi T 204 om-88. (1983). 1994. Hemicellulose: by difference between 
cellulose and holocellulose. 
2.3 Pulping conditions 
Kraft pulps were prepared in a laboratory by a rotating digester system. The con-
ditions were: Active alcali: 20%. Sulfidity: 30%. Time to digestion condition: 100 
min. Maximum pressure: 8 kf /cm2. Time at 170°C: 65 min. Chips' humidity con-
tent: from 80 to 60%, they were obteined in an industrial chipper. Pulping for the 
three times, treated logs and for the control samples, was made. 
2.4 Measured responses 
Total, classified yield and rejects (%). Viscosity: Tappi 230 om-82.1994. Kappa in-
dex: Tappi 236 cm-85.1994 
2.5 Experimental design 
A completely randomized factorial design (2x3 = 6 treatments) was used (each 
determination, 3 repetition). The statistical analysis was a variance analysis with 
5% of significance level. When significant differences were obtained among treat-
ment combinations, mean multiple comparisons were made. In this case, Dun-
can's multiple ranks were applied. 
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3 Results and discussion 
The wood's loss composition and lignin variation are presented in table 1, for the 
treatments. The content of cellulose did not have statistical differences among the 
treatments. Even if, there is a loss of material, during the WRF action of about 1.2, 
2.7 and 3.9% for 45, 90 and 120 days, respectively, (1, 17 and 18), there is a mini-
mum transformation of cellulose. The treatment with WRF has a lower cellulose 
content than the control samples. The content of lignin was sensitive to the inter-
action of WRF and time. The effect of WRF was more sensitive for the 90 day 
development period. In the control samples, there was a little relative tendency 
for lignin to decrease with time. In the first stage, there is a greater percentage of 
lignin which takes place because the holocellulose (hemicellulose) is attacked first, 
(1). The loss of lignin for all the period was more significant for 90 days than for 
120. 
Table I. Weight loss (WI) and lignin variation (LY) of treated wood %. 
Time Days 	 45 	90 	120 Time Days 	45 	90 	120 
Weight loss % Lignin % 
Control 	sample 	I 	1.4 	1.6 Control sample 	26.1 	27.2 	28.1 
9C 	 2.1 	2.8 	3.8 9C 	 26.4 	25.9 	25.7 
Ceriporiopsis sp varied from 2.1% to 3.8% at 120 days in weight loss. Other authors 
concur with this variation (17), and the diffences are more important for softwood 
than for hardwood. Although great advances have been achieved in lignin degra-
dation (3, 8 and 14), a better knowledge of this procces is still necessary. The vari-
ation of lignin content is increasing for the control samples and decreasing for logs 
treated with WRF, this is due to the effect of the action of WRF over the holocellu-
lose content in the first steps, for to be concentrated in lignin for the rest of the 
time. This has been confirmed in others research (9, 10, 11,12 and 13). 
3.! Variation of chemical composition in holocellulose 
The hemicellulose and cellulose content varied in a similar way and these varia-
tions were minimum. However this content pass by a variation at 45 days, due to 
the effect of WRF and increased at 90 and 120 days. Ceriporiopsis sp gave a higher 
residual of hemicellulose content, which can be attractive for the refining aptitude 
of pulps. This has also been noted by other authors, (10, 14 and 17). Table 2 gives 
the value of chemical composition for the treatments. 
Table 2. Holocellulose variation for treated wood. 
Time Days 	 45 	90 	120 Time Days 	45 	90 	120 
Cellulose % Hemicellulose % 
Control sample 	46.3 	45 	44.3 Control sample 	23.5 	23.2 	22 
9C 	 45.1 	44.8 	44.6 9C 	 23.7 	24 	25.1 
3.2 Results of kraft pulp 
Table 3 shows the results of pulping. In this case the values were corrected due to 
the loss of density in wood caused to the WRF, for 45, 90 and 120 days, (17 and 
19). 
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Table 3. Classified yields and characteristics of pulps 
Time Days 	45 	90 	120 	Time Days 	45 	90 	120 	Time Days 	45 	90 	120 
Yield % Kappa index Viscosity cp 
Control 	 Control 	 Control 
sample 	48.6 	47.8 	47.6 	sample 	31.5 	31.4 	33.8 	sample 	702 	701 	643 
9C 	49.9 	49.2 	48.5 	9C 30 	29.2 	29.8 	9C 862 	817 	885 
There was significant differences between total yield of treated chips and control 
samples. These were 49.2% for Ceriporiopsis sp and 47.8% for the control samples. 
The best yield (49.9%) was found for Ceriporiopsis sp for the 45 day treatment. The 
exact mechanism by which the WRF action results in higher yield is still unknown, 
but there is a modification of wall's fiber and certainly a modification of lignin. 
There is also a physical modification of wood during the fungus development and 
this certainly induces a better penetration of reactives with better yields, (9 and 
11). Figure 1. 
3.2.1 Yield Variation. 45, 90,120 days 
Classified yield results were influenced by the WRF and time of treatment. Dun-
can's analysis established that treatment with WRF was similar from the statistical 
point of view, but different of the controls. The means of WRF treatments was 
49.2% for Ceriporiopsis sp. For control samples this value was 47.6%. The best treat-
ment for Ceriporiopsis sp is between 80 and 110 days. This also means a different 
behavior of WRF, maybe of physical, biological or chemical nature. The most im-
portant quantity of rejects was found in the control samples and this is also a good 
difference to consider in economical analysis of the pulping procedures. 
Time 
Figure (.Yield values. 
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Figure 2. Kappa Index. 
3.2.2. Kappa index and viscosity variation 
The characterization of pulps in Kappa index, viscosity are shown in table 3. The 
analysis of variance demonstrated that there is a difference among the treatments 
for the Kappa index (figure 2), so the residual lignin was influenced by WRF and 
time of treatment. It is possible that for certain WRF, the chemical and physical 
modification of wood enables a better delignification, increasing the yield, but not 
necessarily the residual lignin, (16). Normal viscosities for kraft pulp are consid-
ered between 800 and 950 cp. There is a gain of about 25% in the viscosity of treat-
ed logs with WRF. 
4 Comments 
A WRF pretreatment of logs means a little loss of material, but it also results in a 
gain of polymerization degree in cellulose and subsequently of the resistance of 
fiber. It is convenient to determine the minimum loss of holocellulose and concen-
trate the action of WRF in lignin degradation. For this reason the study of enzyme 
behavior and the state of fiber wall, by means of electronic microscopy should be 
investigated even further. The reason for greater yields of the logs treated with 
WRF, is certainly due to a chemical and physical modification of the lamella me-
dia and cell walls. This may mean a more rapid action of reactives over the lignin 
fraction and a lower activity over the holocellulose at the beginning of pulping. 
The interpretation should consider the viscosity and the Kappa index for the high-
est yields. 
Further studies of theses variables should lead to determine the feasibility of 
industrial applications in this subject. 
The Finnish Environment 417 	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
5 Conclusions 
There are increased yields, total and classified, for kraft pulp obteined from logs of 
Radiata pine previously treated with WRF. Ceriporiopsis sp action results in 1.2 an 
1.4 more points of classified yield, respectively. The percentage of rejects is highest 
in the control samples of chips. That means that WRF favor a good delignification 
and subsequently, better pulping process. 
The final Kappa index obtained indicate a significant difference with the con-
trol samples, yields obtained suggest a better delignification by the physical and 
chemical modification of the cell wall. Ceriporiopsis sp gives the lower percentage 
of lignin 25.7%. The more important residual content of hernicellulose was also for 
Ceriporiopsis sp on the average. 
The results permits to conclude that the bleaching of theses pulps is easier 
and more economic with betters properties and resistence. 
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Abstract 
Effect of surfactant addition the recovery of wood organic by-products from kraft 
pulping liquor was studied. Gravimetric analyses were done and turbidity spec-
tra redorded to determine the aggregate particle sizes of the components in liquor. 
Adsorbable materials in liquor were characterized by filtering on cellulose and 
measuring the UV and JR spectra. 
Keywords: by-products, surfactant, wastewater 
I Introduction 
At present, the extraction of the by-products such as sulfate soaps, tall oil and 
kraft lignin from the process liquors of pulp and paper production is not very 
effective. In the last stage of cooking followed by separation of liquor and washing 
of pulp the sharp decrease of temperature causes instability to the organic wood 
components getting to the solution. A great part of these components precipitate 
on the cellulose fiber making it more dark and increasing its lignin, resin and fat 
contents. Accordingly, these materials are lost from the yield of by-products and 
cause extra pollution of the wastewater. To minimize this loss, controlled adjust-
ment of the nature of dissolved organic wood components in the liquor is pro-
posed. Lyophilization to bring the organic components more completely into the 
liquor can be achieved by surfactant addition. In this work, the coagulation proc-
ess of given substances was investigated by electrolyte addition and following the 
influence of surfactants to the deposits. The aim of the study was to find out pro-
cedures for more effective extraction of these substances from the spent liquors 
followed by effective coagulation. 
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2 Methods 
The heterogeneous nature of wood organic components solutions in the liquor 
was proved by indirect analysis methods (gravimetric, determination of surface 
activity etc.) [1], and by direct independent analysis method of turbidity spectra 
[2]. During cooling in the range of 353-293K the sizes of organic components par-
ticles were defined by the method of turbidity spectra based on the diffusion of 
dispersed particles in the solutions. Also the aggregation degree of these particles 
was calculated by the following formula: 
N=1,26.10" 
( » ) 2 •K(a,m) •a2 ,cm3  
,r- the turbidity of system with the length of the waveX , cm 1  
X' —the length of the wave equal to Xm/µo where Xm  — arithmetic mean of 
waves lengths, cm 
µo — index of refraction of dispersion medium 
— (a, m) — light scattering coefficient 
c — parameter, characterizing the divergence of particles property from 
medium property 
The aggregate stability was determined by inclination of line. 
The liquor for investigation was taken after finish of sulfate cooking of birch. 
The cooking was conducted with the temperature of 170(C during one hour. The 
solutions of the resinous components and kraft lignin were obtained after cooking 
which was made by above-mentioned regime. The extractives for cooking were 
preliminary extracted by diethylether and lignin was extracted by dioxan. The 
size and aggregation of particles were determined on spectrophotometer. The re-
suits are shown in the Figure 1. 
N, cm 3 
1 
2 
4 
3 
T, K 
290 300 310 320 330 340 350 
Figure I.The amount of organic substances particles in the solutions volume unit under differ-
ent temperatures. I— kraft lignin, 2 — resins, 3 — mixture of components, 4 — kraft lignin with 
surfactant, S — mixture of components with surfactant. 
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3 Results and discussions 
As we can see from the Figure 1 in the whole range of investigated temperatures 
the particles was discovered from ultramicroheterogeneous dimensions (T=353K) 
to fine- and rough-dispersed dimensions (T=293K). So it was proved that the solu-
tions of the substances under research have heterogeneous nature. The organic 
components of liquor with the decreasing of the temperature form associations 
and precipitate onto the cellulose fibers, increasing by this the resin and lignin 
contents of the cellulose. 
At the same time it is necessary to take into account that the certain part of 
indicated organic substances are in homogeneous condition [1]: mixture of organ-
ic components = 12%, kraft lignin = 25%, resin = 47%. But the main part is dis-
solved heterogeneously. 
That's why the influence of nonionic surfactant on the stability of above men-
tioned solutions was investigated. The surfactant (oxethylized alkylphenol) was 
added in to the cooking acid in amount of 0,5% to absolutely dry wood, which 
was taken for cooking. The Figure 1 shows that the unstable substances are deriv-
atives of extractives in the sulfate liquor. The mixture of all organic components is 
unstable in the temperature range of 353-323K. However as it was proved by re-
sults of the investigations the addition of surfactant is making this mixture more 
aggregately stable, which is perfectly correlated with the sedimentation stability 
data. 15-20% amount of organic components can be retained in liquor and is a raw 
material for by-products. 
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Figure 2.a. IR — spectra. I — bleached cellulose, 2 —bleached cellulose with organic substances 
adsorbed from spent liquor. 
Figure 2.b. IR — spectra. I — bleached cellulose with adsorbed resin, 2 — bleached cellulose with 
adsorbed kraft lignin. 
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To clarify what substances sediment on the cellulose the investigations of sorption 
of kraft lignin solution, extractives solution, the mixture of all organic components 
passed to cellulose from liquor were made by IR-, UV-spectroscopy methods. The 
indicated solutions were sorbed on the bleached kraft pulp filter, with the mode-
ling of the liquor taking away from the digester process. The IR spectra of the 
cellulose samples before and after filtration are given here (Figure 2.a, Figure 2.b). 
The quantitative analysis of spectra of deposit adsorbed on cellulose (Figure 
2.a) shows the presence of resins (the characteristic peaks 1720cm 1, 3350-3400 
cm'), kraft lignin (the characteristic vibration of aromatic ring 1500cm 1,1595cm 1), 
carbohydrates derivatives (the streaks in the field of 700-900cm 1, 1415-1500cm-1, 
3250-3500cm 1) [3,4]. For making the analysis the separate spectra of kraft lignin 
and resin were used (Figure 2.b). 
Conclusions 
1. It was proved by direct optical method that the wood organic components 
solutions in the sulfate liquor have heterogeneous nature. 
2. It is shown that the surfactant addition increased the aggregate and sedi-
mentation stability of organic components in spent liquor. This gives a pos-
sibility of using them as raw material for valuable by-products of pulp and 
paper production. 
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Abstract 
The decomposition of EDTA, DTPA and f3-ADA were studied in pilot-plant flow-
through systems simulating alkaline (pH 10-11) hydrogen peroxide bleaching en-
vironments. The GC results were compared to the calculated concentrations and 
the remaining percent was counted on this basis. In addition, the amount of hy-
drogen peroxide decomposition was evaluated. Also, metal-chelate speciation was 
simulated. Complexing agents exist mainly as their alkaline earth metal chelates. 
The results revealed that under investigated conditions ADA (average remaining 
percent 71) was more degradable than EDTA and DTPA (average remaining per-
cents were 94 for both compounds). The remaining percent of hydrogen peroxide 
was around 40 in the case of DTPA and ADA and 74 in the case of EDTA, though 
the hydrogen peroxide concentration was significantly higher during EDTA ex-
periments. The results show that ADA might be more favourable than EDTA and 
DTPA from the environmental point of view, as it is more readily oxidized already 
in the process. 
I Introduction 
The use of chelates by pulp and paper industry has received increasing attention 
lately. The conventional aminopolycarboxylic acids like ethylenediaminetetraace-
tic acid (EDTA) and diethylenetriaminepentaacetic acid (DTPA) are widely used 
as processing aids. Due to the possible environmental impacts, it is important to 
study the chemical decomposition of these substances. The biochemical and pho-
tochemical degradations have already been studied extensively. 
Accordingly, we have studied the oxidative decomposition of EDTA and DTPA 
and an alternative complexing agent f3-alaninediacetic acid (ADA) at simulated 
hydrogen peroxide bleaching conditions. ADA has been shown to be readily bio-
degradable and to have an exceptionally low toxicity (Nitschke et al. 1997). Since 
degradation may be significantly dependent on the chemical speciation, the dis-
tribution of the different metal chelates of EDTA, DTPA and ADA was predicted. 
These calculations were based on the assumption that the thermodynamical equi- 
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librium has reached. In addition, to compare the technical performance, the ability 
of these agents to protect hydrogen peroxide against the decomposition was stud-
ied by determining the remaining percent of the bleach itself. 
2 Experimental section 
The purpose of these experiments was to study the durability of the chelating 
agents in alkaline hydrogen peroxide environments. The analyzed results were 
compared to the calculated concentration and the degradation percentage was 
counted on this basis. Experiments were executed with a pilot plant system pre-
sented in Figure 1. Two flows were diverted through a mixing autoclave. One 
stream was a hydrogen peroxide stream and the other consisted of chelating agent, 
hydroxide and metals present at typical concentrations found at Finnish bleach-
ing systems (Figure 1). The stream from reservoir was pumped through the auto-
clave before starting of a hydrogen peroxide pump which was set as a zero point 
of time. After a certain period of time pH and hydrogen peroxide concentration 
reached expected levels (pH 10.5, hydrogen peroxide concentration 1200 mg/l for 
DTPA and ADA and 5000 mg/l for EDTA). Around one third of total hydrogen 
peroxide concentration existed as hydrogen peroxide anion (28%, 33%, 38% in the 
cases of EDTA, DTPA and ADA, respectively). At this steady state situation, sam-
ples for GC analysis were taken to investigate the durability. 
Ca 20 mgll 
Mg 2O mg/ 
Fe Im/1 
Mn 0.5 mg!! 
NaOH 2 gJ1 
chclatin.. agent 0.0405 mmoVl 
Figure I.The pilot-plant scale flow-through system used in the experiments. 
The GC procedures for chelate determination are desribed in detail by Sillanpää et 
al. 1996; Sillanpää et al. 1997. Total hydrogen peroxide concentration ([H202] + 
[H02 ]) was titrated iodometrically. The metals were analysed by FAAS. The com-
plexation in a solution of known metal and ligand concentrations can be present-
ed by curves of their percentuage distribution among different species as a func-
tion of pH. These distribution curves have been drawn for complexing agents and 
iron(III) at concentration levels presented in Figure 2 using the SPE program (Mar-
tell and Motekaitis 1992). The hydrolysis of the metals and the constants of proto-
nation and metal-complexation are documented in the publications [7, 8]. 
3 Results and discussion 
The theoretical concentrations of chelating agents and hydrogen peroxide were 
calculated using a differential equation of an ideal blender (1), in which outcom-
ing stream equals situation inside the blender. These theoretical values describe 
concentrations assuming that no decomposition occurs. Finally, the remaining 
percent was calculated by dividing analysed result by this theoretical value. 
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d (Gout (t) V)  
dt 	
= Cin(t) Q — Cout (t) Q 	 (1) 
V volume of the blender, constant 
Q stream going through blender, constant 
C.n ingoing concentration, 
Cou, outcoming concentration or concentration in blender 
Since V and Q remained constant we obtain 
(2) 
c:"
111(1) 	d Cout(t) 	Q ` 
f =  
cou<(o) Cout(t) — Cin(t) 	V o 
Integrating and rearranging give, finally, the concentration of outcoming stream, 
which equals concentration inside the blender. 
-Qr  
Cout(t) = e V (Cout(0) — Cin) + Cin 	 (3) 
Due to possible adsorption effects (Rämö et al. 2000), the ingoing concentration of 
an agent may be slightly less than the concentration added to the reservoir. 
The metal concentrations in the autoclave were approximately 1.1 mg/l for 
Fe, 0.4 mg/l for Mn, 11 mg/l for Ca and 16.3 mg/l for Mg. The speciation of the 
ligands as well as iron(III) is given in Figure 2. It can be seen that at the steady state 
approximately 21% of EDTA exists as Mn complex, 2% as Mg complex and 77% as 
Ca complex and 25% of DTPA exists as Mn complex, 5% as Mg complex and 70% 
as Ca complex. In the case of ADA, 5% of the ligand exist as Mn complex, 20% as 
Ca complex and 75% as Mg complex. Owing to its self-hydrolysis, the chelation of 
iron appears to be more limited. The dominating iron species at the steady state 
situation is Fe(OH)4 . 
The remaining percents of the chelating agents as well as hydrogen peroxide 
are presented in Table 1. At the steady state, an average remaining percents were 
94, 94 and 71% for EDTA, DTPA and ADA, respectively. Thus, ADA seems to be 
more degradable than EDTA and DTPA under prevailing conditions. Remaining 
percent of hydrogen peroxide is 40 for DTPA and ADA, but as high as 76 in the 
case of EDTA, though the hydrogen peroxide concentration was higher in EDTA 
experiments. 
Since hydrogen peroxide anion, H02, is often considered bleaching as well as 
corroding species, it may also break organic bonds other than chromophores of lignin 
possibly including those of chelating agents. Thus, in addition to the total hydrogen 
peroxide concentration, it is useful to know the concentration of HOZ anion. The 
HO2 concentration was calculated with equation (4) where fl is the activity coefficient 
for univalent ions. The value of 0.8 calculated by Davies equation has been used. For 
pKa value of hydrogen peroxide at 60 —C 11.0 has been applied (30). 
_ 	 10 pH  — pKa C(H 202 +HO Z - )/ mg /1 	(4)  
C(HO 2 )/ mg/l = 
f l  + IOpH —pKa 
Chemical bonds existing in chelates are C-C, C=O, C-O, C-H, O-H and C-N bonds. 
The bond energies are 81,173, 79, 98,109 and 66 kcal/mol, respectively (Carey and 
Sundberg 1990). Thus, it is expected that the breaking bond is the C-N bond. As 
suggested above, the species attacking nucleophilically to C-N bond is very likely 
HO2 anion. 
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In line with this, ADA might be a good substrate since there is more deficit of 
electron density on nitrogen compared to that of EDTA and DTPA. In the case of 
ADA, the three carboxylic groups cause the only nitrogen to be more positively 
charged and consequently more favourable for the attack of HO anion. In the 
case of DTPA, on the other hand, only one (at the center of DTPA molecule) or two 
(the remaining two nitrogens) carboxylic groups are attracting the electron densi-
ty of nitrogen atom of DTPA, making it less vulnerable to the corresponding ef-
fect. In addition, when ADA exists as a cyclic chelate, attractive effect of metal 
cation is more concentrated on one nitrogen increasing electron deficit as com-
pared to DTPA. 
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Figure 2. Speciation distribution of ligand (a) and iron(III) (b) at the steady state situation. The 
concentrations (mmol/I) used for the simulation were as follows (T=25°C,1=0. I): I. EDTA 
0.026; Ca 0.40; Mg 0.67; Fe(lli) 0.0 IS; Mn 0.006.2. DTPA 0.026; Ca 0.2 7; Mg 0.67; Fe(III) 
0.02; Mn 0.007.3. ADA 0.013; Ca 0.32; Mg 0.67; Fe(III) 0.020; Mn 0.007. 
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Table I. The remaining percents of the chelating agents and the hydrogen peroxide. 
EDTA peroxide DTPA 1 peroxide  peroxide 
1 90 84 95 40 
2 106 67 84 34 
3 79 94 99 
111 81 100 45 
97 82 94 40 
13 10 6 4 
The decomposition of DTPA at real bleaching process including ozone and hydro-
gen peroxide stages has recently been evaluated as mass balance calculations. Ac-
cording to these investigations remaining percent of DTPA was 87 indicating poor 
chemical degradability (Virtapohja and Alen 1999). This study is in excellent agree-
ment with the results presented here. 
4 Conclusions 
ADA might be a potential substitute to the more widely used EDTA and DTPA as 
a sequestering agent. In addition to the low toxicity and high biochemical degra-
dation, this study shows that it is noticeably more degradable by chemical oxida-
tion than EDTA and DTPA and therefore might be degraded to some extents, in 
contrast to the other two, in the industrial processes already, prior to the waste 
water treatment. 
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On the selection of chlorine dioxide 
process 
Pekka Ehtonen, Golam Sarwar and Markku Hurme 
Helsinki University of Technology, Department of Chemical Technology 
P.O Box 6100, FIN-02015 HUT, Finland 
Abstract 
The elemental chlorine free (ECF) bleaching is considered desirable on both prod-
uct quality and environmental reasons. However, by carefully selecting the C102  
process, the chemical balances, economics and emissions of the kraft process can 
be affected. 
Two process cases for on-site manufacturing of C1O2 are investigated and 
compared to an existing reference system with respect to chemical balance, envi-
ronmental and economical considerations. The results show that the chemicals 
can be balanced without purging by-products and consequent economic and en-
vironmental benefits are achieved. 
Keywords: ECF process, chemical balance, bleaching, chlorine dioxide, integration, 
economics 
I Introduction 
Chlorine chemicals are not considered undesirable for the pulp bleaching. Due to 
modified cooking and 0Z delignification the active chlorine consumption in bleach-
ing is decreased and consequently, the AOX-levels in wastewater from bleaching 
also reduced (Palenius, 1993). 
The selection of chlorine dioxide process depending both on the local condi-
tions and the chemical balance desired. This has also a significant effect on the 
pulp mill emissions since the chemicals introduced into the process end up into 
the effluents. The chlorine dioxide process selected is such that there is no need to 
purge any chemical compounds out from the chemical circulation. 
2 Fiber line and bleaching process 
The chemical balances are based on the following fiber line processes: dry wood 
handling (dimensioning and screening of chips), modified cooking to kappa 23, 
vacuum filter washing, open screening and oxygen delignification to kappa 14. 
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Figure 1. Block diagram of Oz deligni fication, bleaching and tall oil separation. 
The oxygen delignification uses oxidized white liquor (OWL), oxygen gas and 
Mgz+-catalyst as magnesium oxide MgO or magnesium sulfate (MgSO4. The fil-
trate is recycled to chemical recovery. 
Two types of bleaching sequences are considered. The bleaching stages are 
D1/C–E/O,H–D2–D3 (Case 2) and D1/C-E1/H-E2/O-D2-D3 (Case 1) where El/ 
H and E2/O are formed by splitting the E/O,H-stage. Filtrate from stages Dl /C, 
D2, D3, El/H and E/O,H is sewered and E2/O is recycled to chemical recovery. 
The chemicals to bleaching: active chlorine, NaOH, 02 and SO2. Tall oil separation 
uses H2SO4 and CO2. The block diagram of 02-delignification, bleaching and tall 
oil separation is shown in Figure 1. 
3 Chlorine dioxide process 
The chlorine dioxide generation is based on the following reactions: 
Mathiesson 2NaC103 +502 +H2504 = 2C102 +2NaHSO4 (i)  
R3 2NaCIO3 +2NaCI+2H2504 = 2CIO2+CIi+2Na2SO4 +2H20 (ii)  
NaC103 +5NaCI+3H2504 = 3Cl2 +3NaZSO4 +3H20 (iia) 
R3 H, (R7) 2NaCIO3 +2HCI+H1504 = 2CIO2 +CI1+Na2504 +2H20 (iii) 
2NaCiO3 +IOHCI+ I2SO4 = 6Cl2 +Na2504 +6H20 (iiia) 
R5 2NaCIO +4HCl = 2CIOz +Cl2 +2NaCI+2H20 (iv)  
NaCIO3 +6HC1 = 3Cl2+NaCI+3H20 (iva) 
ERCO 	R8 6NaCD01+4H2SO4 +CH3 OH = 6CIO 2 +2Na3 H(504)2 +5H20+CO2 (v)  
6NaClO3 +4H25O4 +SCH30H = 	302 +2Na3H(SO4)2+I3H20+5C0Z (va) 
Chlorate 	electrolysis NaCI+3H20 = NaCIO3 +3H2 (vi)  
HCI-Synthesis H2+Cl2 = 2HCI (vii)  
Water electrolysis 2H20+power = 2H2+02 (viii) 
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., 	a11y, only the chlorine dioxide is produced on-site. Sodium chlorate (NaC- 
103) and other chemicals are purchased. However, the sodium chlorate produc-
tion can be included for the on-site manufacturing units (chlorate electrolysis) as 
in reaction (vi). Also, hydrochloric acid can be produced on-site from Cl2 and H2 
gas. Cl2 can be taken as the by-product from C102-production and the H2 from the 
chlorate electrolysis unit according to the reaction (vii). If the sodium chlorate elec-
trolysis is not integrated then H2 gas can be produced by water electrolysis as 
reaction (viii) and the generated OZ gas can be recycled to the pulp mill. 
In the studied C102-process (method R5), the generated by-products are sodi-
um chloride, chlorine and water. The NaCl is returned to sodium chlorate (NaC-
103) producer by the same tank car as the sodium chlorate is delivered to the pulp 
mill. The other by-product C12-gas is brought to HC1-process and water is con-
densed in chlorine dioxide water. By this way the sulfur-sodium balance and the 
purchasing of NaOH/C12 electrochemical equivalent ratio can be achieved. In the 
chlorine dioxide process, the yield of C102 is not 100%, since the side reactions and 
the by-product chemical compounds include Na, S and Cl2 compounds as shown 
in Table 1. 
However, the chlorine dioxide (R5) method selected for both Case 1 & 2 pro-
duces sulfur free byproducts and the byproducts can be used as raw materials for 
on-site production. The studied R5 and the reference R8-method of C102—process 
are shown in Figure 2. 
..................................................................................................................................................... 
NaC10 	R5 ClO2 PLANT C102-water 
Cl 88% efficiency 
reactions (iv. iva) 
H2O HCI-PLANT O 
reaction (vii) 	02 to pulp mill  
NaCl H20-ELECTR. 
4 	reaction (viii) 
Case 1 & 2 
NaC1O3 	 C102-water 
H2SO4 	R8 C102 PLANT 
88% efficiency 
CH30H 	
reactions (v, va) 	Na3H(SO4)2 
Reference Case 
Figure 2. Block diagram of the studied R5 and the reference R8 -CIO2 plant 
Table I. Byproducts of the different types of C102 process. 
ement kg Na/ton C102 kg S/ton CO2 kg C12 /ton CO2 
102-Yield% 88 90 92 94 96 88 90 92 94 96 88 90 92 94 96 
102—Processes 
athiesson - - - 389 - - - - 825 - - - - - 
60 907 874 812 767 668 632 598 565 533 956 877 800 727 657 
H 87 379 370 362 355 269 263 258 252 247 356 877 800 727 657 
87 379 370 362 355 - - - - - 956 877 800 727 657 
8 87 379 370 362 355 359 351 344 336 329 72 58 42 34 22 
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4 The studied cases 
4.1 Case I 
The principle of this case is that the Na/S is in balanced and Clz /NaOH consump-
tion is in electrochemical equivalent balance. This is achieved by using sulfur free 
chemicals and the C102-plant is chosen such that it does not produce sulfur con-
taining by-products. The by-products are recycled to the process. 
Table 2. The chemical charges for the reference, Case I and 2. 
PROCESS UNITS REFERENCE CASE 1 CASE 2 NOTE 
& CHEMICALS kg/ADt kg/ADt kg/ADt 
Fiber line Same Same Same 
Oz-delignification 
-1.0kg Mg+z/ADt 5.0 MgSO, 1.67 MgO* I.67 MgO* *)sulfur free 
-caustic soda (OWL) 25.0 NaOH 25.0 NaOH 25.0 NaOH NaOH as oxid. 
-02-gas 25.0 Oz 25.0 Oz 25.0 Oz 
-filtrate to chem.recovery to chem.recovery to chem.recovery 
Bleaching D1/C-E/O,H-D2-D3 D1/C-E1/H-E2/O-D2-D3 D1/C-E/O,H-D2-D3 
-active chlorine 54.0 act. Cl 54.0 act. Cl 54.0 act. Cl 
-chlorine dioxide 20.0 C102 19.3 C102 17.45 C102 
C102 as act.Cl 52.6 act. Cl 50.8 act. Cl 45.9 act. Cl 2.63*C102. 
Clz in C102 water 1.4 act. Cl 3.2 act. Cl 3.2 act. Cl byproduct Clz. 
C12-water --- --- 4.9 act. Cl purchased Clz. 
-Caustic soda to: 
E/O,H 21.0 NaOH --- 19.0 NaOH 
El/H --- 8.1 NaOH* --- 
E2,O --- 6.8 NaOH* --- *tot.19.0 NaOH 
E2,O oxidized WL --- 4.1 NaOH* --- 
-02 to: 
E/O,H 3.002 --- 3.002 
E2/0 --- 3.0 Oz --- 
-sulfur dioxide 3.0 SO2 3.0 SO2 3.0 SO2 
C102-plant R8 R5 R5 
-NaCDO3  35.86 NaC1O3  34.6 NaC1O3 31.3 NaC1O3 1.793*C1O2 
-HCI --- 29.4 HCI 26.6 HCI 1.524* C102 
-H2SO4 22.0 H2SO4 --- --- 1.100* C102 
-CH3OH 2.66 CH3OH --- --- 0.133* C102 
-byproduct chlorine 1.4 Clz --- --- 0.070* C102 
-byproduct S-comp. 29.4 NaH(SO4)2 --- --- 1.470* C102 
-byproduct salt --- 19.0 NaC1 17.2 NaC1 0.985* C102 
-byproduct H2O '> 6.02 H2O " 7.26 H2O ")6.56 H2O )0.301 * C102 
")0.376* C1O2 
HCI-plant --- 
-Clz byproduct --- 15.2 C12 13.5 Clz ')purchased 	Clz 
-Clz purchased --- 13.4 Clz 12.4 Clz') (12.4+4.9=17.3) 
-H2 gas --- 0.8 H2 0.7 H2 eqv.NaOH=19.2 
-byproduct 02  --- 	/')28.0 7.2 Oz 	/t'>20.8 6.3 02 	/t'>21.7 (')purchased 02  
Tall oil separation 
-H2SO4 8.3 H2SO4 4.15 H2SO4 4.15 H2SO4 tot. 30.3 H SO 2 4  
-CO2 --- 6.75 CO2 6.75 CO2 *)purchased 
Makeup, NaOH 9.7 NaOH --- *)6.8 NaOH tot. 30.7 NaOH 
0..............................................The  Finnish Environment 417 
The fiber line is similar as described earlier and the C1O2 production is on-site. The 
bleaching sequences are D1 /C-E1 /H-E2/O-D2-D3. In this case, the E/O, H-stage 
is splitted into two stages El /H and E2/O, which allows part of NaOH to be recy-
cled. Filtrates from E2/O-stage go to chemical recovery and those from E1/H and 
D-stages are sewered. Tall oil separation is by H2SO4 and CO2. The doses of chem-
icals to the process are shown in Table 2. 
4.2 Case 2 
The fiber line and the on-site chemical plant are the same as in Case 1. The bleach-
ing sequences are D1/C-E/O,H-D2-D3. Tall oil separation is by HzSO4 and CO2. 
The main difference is that the active chlorine dose to bleaching changed as 
the C102 substitution is 85%, instead of 94% as in Case 1. This means the chlorine 
multiple of 0.15 is accepted to maximum bleaching for environmental reason (Fol-
ke, 1994). The E-stage is not splitted and filtrates from E/O,H and D-stages are 
sewered. The make-up NaOH is purchased separately. (see Table 2). 
4.3 Reference case 
The reference case is an existing pulp mill in Finland. The fiber line is similar as in 
earlier cases and the bleaching sequences are D1/C-E/O,H-D2-D3. The tall oil 
separation is by H2SO4 and Mgz+ used as MgSO4. Here, sulfur containing chemi-
cals are used and therefore purging is necessary from chemical recovery which 
increases the make-up NaOH consumption. 
In this case, the chlorine dioxide process (R8) uses methanol as a reducing 
agent and produces sulfur product Na3H(SO4)2, which need to be purged. The 
C102 production is subsequently higher because the by-product C12 quantity is 
lower than in Case 1 & 2. The additional (purchased) NaOH quantity is higher as 
the E/O,H-stage uses more pure NaOH and therefore, the make-up NaOH quan-
tity is also bigger. All filtrates are sewered. (see Table 2). 
5 Na-S-Cl balance 
The sodium, sulfur and chlorine compounds are circulated by chemical circula-
tion at the pulp mill. The entering sources are chips, various chemicals, wash wa-
ter and lime. They leave the mill with the pulp, solid waste, emission to air and 
waste water. The simulated sodium, sulfur and chlorine balance shows no need 
for purging Na, S or Cl compounds for Cases 1 & 2 in Table 3. 
The sulfur containing compounds are usually lean malodorous gases from 
chip pre-steaming, screening, pulp washing, smelt dissolving and tank ventila-
tions and also the noncondensible gases from cooking plant and steam stripping 
at the evaporation plant. Therefore, it is important to minimize sulfur containing 
compounds by using sulfurless feed materials at the pulp mill and selecting the 
chlorine dioxide process so that the by-products do not include sulfur. However, it 
is also possible to absorb weak and malodorous gases in specific liquid and then 
desorbed as concentrated gas mixture, which can be burned to SO2 and SO3 for 
H2SO4 manufacturing (Kiiskilä, 1994). This minimizes the sulfur emissions to air 
and is potentially economical because the system reduces the quantity of purchased 
H2SO4. 
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Table 3. Balance results of three chemical elements of the pulp mill. 
CASES Case 1 Case 2 Reference 
ELEMENTS kg kg Kg kg kg kg kg kg kg 
Na/ADt S/ADt Cl/ADt Na/ADt S/ADt Cl/ADt Na/ADt S/ADt Cl/ADt 
INPUT: 
Chips 0.07 0.30 0.32 0.07 0.30 0.32 0.07 0.30 0.32 
NaC1O3 7.47 --- 11.5 6.76 --- 10.4 7.73 --- 11.9 
C12 --- 13.4 --- 17.3 --- --- --- 
H2SO4 --- 1.35 --- --- 1.35 --- --- 9.89 --- 
NaOH 8.57 --- --- 11.2 --- --- 17.7 --- --- 
SOZ --- 1.50 --- --- 1.50 --- --- 1.50 --- 
MgSO4 --- --- --- --- --- --- --- 1.33 --- 
Washwater, lime 0.018 0.024 0.003 0.018 0.024 0.003 0.018 0.024 0.003 
TOTAL 16.13 3.17 25.22 18.05 3.17 28.02 25.52 13.04 12.22 
OUTPUT: 
NaCl 7.47 --- 11.5 6.76 --- 10.4 --- --- 
Pulp 3.49 0.73 0.11 3.49 0.73 0.11 3.49 0.73 0.11 
Emission to air 0.18 0.84 0.009 0.18 0.84 0.009 0.18 1.00 0.009 
Solid waste 0.32 0.11 0.21 0.32 0.11 0.21 0.32 0.11 0.20 
Waste water 4.67 1.49 13.39 7.30 1.49 17.29 21.53 11.20 11.9 
TOTAL 16.13 3.17 25.22 18.05 3.17 28.02 25.52 13.04 12.22 
6 Economics 
The economies of Cases 1, 2 and the reference case are based on the unit prices 
shown in Table 4. In Case 1 the total costs of chemicals are 18% cheaper and in 
Case 2 11% cheaper than in the reference. The by-product sodium chloride, NaCl 
is sold to chlorate producer at the price of 0.1 FIM/ton NaCl. 
Table 4. Total costs of chemicals. 
CHEMICALS PRICE Dt ton 	of Quantity Price Quantity Price Quantity Price 
FIM/k g kg/ADt ~ FIM/ADt kg/ADt  FIM/ADt kg/ADt  FIM/ADt  i90 i. 	ary 
substance 
NaC1O3 2.000 35.86 71.72 34.6 69.2 31.3 62.6 
1)220kg for 
H2SO4 0.450 30.3* 13.63 4.15 1.87 4.15 1.87 Ca 	pro 
HCl 0.210 --- --- 29.4 6.17 26.6 5.59 
tallr 
oil proms 
CH3OH 1.200 2.66 3.19 --- --- --- 
CO2 1.000 --- --- 6.75 6.75 6.75 6.75 
SO2 0.900 3.0 2.70 3.0 2.70 3.0 2.70 ••)for makeup 
NaOH 1.800 30.7 55.26 --- --- 6.80** 12.24 
NaOH (WL) 0.615 25.0 15.37 29.1 17.9 25.0 15.37 
MgSO4 1.300 5.0 6.50 --- --- --- -- 
MgO 1.500 --- --- 1.67 2.50 1.67 2.50 
Ch 	for 	HCI 
production incl. 
02 0.590 28.0 16.52 20.8 12.27 21.7 12.8 
NaoH 	pri12 
included 	CI= 
C12+(NaOH) 2.490 --- --- 13.4(14.9) 33.4 17.3(19.4) 43.1 NaC paC I is sold to 
NaCl 0.100 --- --- 19.00 -1.90 17.2 -1.72 producer. 
TOTAL 184.89 150.86 163.80 
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7 Conclusion 
The selection of on-site C102-plant (R5) for Case 1 and Case 2 is advantageous for 
balancing Na/S as the method does not produce sulfur containing by-product. 
The sulfur amounts are also reduced using sulfur free chemicals in 0z delignifica-
tion and tall oil separation. In both studied cases (1 & 2) Na/S balance and an 
electrochemical equivalent balance for C12/NaOH are achieved. However, in the 
reference case there is a need to purge the by-product Na3H(SO4)2 and a controlled 
quantity from chemical circulation. 
The total costs of chemicals in studied cases are cheaper than in the reference 
case. The cases are environmentally benign because there is no need to purge the 
by-product from chemical circulation and the sulfur emissions to air are smaller. 
The regulations set by the authority is fulfilled. 
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Abstract 
Paper industry today is globally subjected to various environmental laws and reg-
ulations. The environmentally related issues for the industry include variation in 
regional regulations, emerging environmental standards and international envi-
ronmental treaties. How the paper industry responds to these issues will shape 
the operating strategies for pulp and paper mills this century. 
The principle of sustainable development is leading paper industry towards 
more efficient use of energy and raw materials, as well as towards tighter mill 
closure. Conservation of water and energy are therefore important issues in the 
development of new environmentally friendly papermaking concepts. 
The paper discusses a case where waste-heat driven multiple-effect evapora-
tion combined with a cooling tower is used to reduce the use of fresh water in a 
paper mill. 
I Introduction 
The pulp and paper industry has historically been considered a major consumer 
of natural resources and energy, including water, and a significant source of envi-
ronmental pollution. The EU-wide Integrated Pollution Prevention and Control 
Directive, commonly known as the IPPC Directive, was adopted in September 
1996 and was due to be legislated into national laws by October 1999. The goal of 
the directive is to achieve high environmental standards by considering jointly 
effluents, air emissions, and production of solid waste. The concept of best availa-
ble techniques (BAT) plays a central role in the IPPC directive. BAT is considered 
to be the tool to achieve IPPC by providing basis for emission limit values. The 
definition of BATs for the pulp and paper industry started in 1997 and will be 
finished in spring 2000. The BAT reference document is background material and 
a handbook for the industry and authorities issuing permits. Water management 
practices and approaches to reduce the use of water are discussed extensively in 
the document. 
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2 Water management in pulp and paper industry 
There are, in principle, two different approaches that can be applied in a mill to 
decrease the use of water. One possibility is to consider each sub-process separate-
ly and try to decrease the use of water locally. A good example of that is chemical 
pulping, where the need to recover cooking chemicals has lead to closed water 
cycles in the pulping process and where the aim today is to do the same also in the 
bleaching plant. Another example is the debarking plant where effluent-free oper-
ation can be achieved e.g. by using MVR-evaporation. 
The other possibility is to consider the process as a whole and, where possi-
ble, substitute fresh water by a suitable recyclable water fraction from some other 
part of the process. An example of this approach is shown in Fig. 1. 
Fresh water 
Wood 	Refining 	 Wire and 
~~ and sorting 3 	 Bleaching 	 press section 
External 	 I.. _..._...........: 
treatment L------- _ 	_............_........... i ................._.. 	_ 
Figure 1. Main water circulation in a paper mill based on mechanical pulping 
The process is here divided into three sections separated by washing presses. Fresh 
water enters the process mainly through paper machine wire- and press-section 
showers and is then led counter-currently to various washing and diluting duties 
in the mill. The presses are used to minimise the flow of water between the differ-
ent sections. Usually it is considered that counter-current principle leads to mini-
mum water consumption. The situation, however, varies from case to case. In a 
process like the one in Fig. 1 the counter-current principle may lead to excessive 
contaminant levels in the bleaching stage thus increasing chemical consumption 
and, perhaps, compromising product quality (Edelmann, 1998). 
Generally it can be said that increased recycling of water will lead to changed 
process chemistry, new water management practices and reject streams, changes 
in the operation of effluent treatment and to increased consumption of electricity. 
(Edelmann, 1999). 
Internal waste water treatment and reuse will also reduce the use of second-
ary heat as well as the need to recover heat from the paper machine exhaust air, 
and will leave scope for alternative uses of waste heat. Therefore the management 
of water and energy should be considered integrally within the entire mill site. 
Achievable values for total fresh water consumption according to the BAT 
reference document for various paper grades are given in Table 1. 
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Table I. Water consumption ranges for various paper grades. 
Paper grade 	 Water 
Consumption 
m3/t 
Comments 
Newsprint 	 8-13 
Uncoated fine paper 	 5-12 
Coated fine paper 5-15 
LWC paper 	 10-15 
SC paper 10-15 
Multiply folding 	boxboard 	8-15 virgin 	fibres 
Fluting 	 4-10 virgin 	fibres 
Tissue 1 0-1 5 virgin 	fibres (heavy weight product or lower quality grades) 
Tissue 	 15-25 virgin 	fibres (light weight product or high quality grades) 
In general, water consumption levels quoted in Table 1 can be reached using good 
water management without internal water treatment. In mills producing wood-
containing paper it is possible to go down to level 4-5 m3 /t by using water treat-
ment techniques like ultrafiltration combined with micro flotation. If there is a 
need to go further below, methods that also remove inorganic salts from recycled 
water are required. The only proven options in that case are nanofiltration, reverse 
osmosis and evaporation. 
3 Water treatment based on waste heat evaporation 
Evaporation, both MVR and multiple-effect, is a proven technique that has long 
been used eg, in chemical pulping for the recovery of pulping chemicals. What 
makes multiple-effect evaporation especially interesting in mills based on mechan-
ical pulping is that there normally is an excess of waste heat available that can be 
used to drive the evaporator. 
Gartz (1995) presents a case where effluents from a IMP-based paper pro-
duction line are treated using evaporation utilising waste heat from black liquor 
evaporation plant. Originally that waste heat was rejected to cooling water in a 
surface condenser. The main principle of the process is shown in Figure 2. 
Pulp mill 	 Paper mill 
Figure 2. Flow sheet showing reuse of cooling and process water. 
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The evaporator utilises secondary heat sources for the evaporation of TMP filtrate 
and produces clean water. The most significant waste heat sources in an integrat-
ed mill are flash steams from TMP refining and pulp cooking, and vapour from 
the last effect of black liquor evaporation plant. 
This technology offers several advantages. It reduces the volume of effluent 
to be treated by external treatment. Inorganic material can be removed almost 
completely and the removal efficiency of chemical oxygen demand (COD) and 
total organic carbon (TOG) is expected to be 85-90% in a single stage evaporator. 
The removal efficiency can be improved by condensate segregation and by add-
ing more stages. The evaporated clean water is excellent as a replacement for fresh 
water in the wire and press section showers, and it is expected to improve both 
production and quality of paper. The concentrated filtrate can be incinerated in 
the kraft recovery boiler, while the dilute and easily biodegradable foul conden-
sates undergo anaerobic/aerobic effluent treatment (Gartz, 1998). 
In the case presented by Gartz the introduction of the evaporation plant re-
duced significantly the use of fresh water in the paper production line. The total 
consumption of fresh water in the mill site did, however, increase. The cause for 
the increase was the heat sink problem: waste heat can be utilised only if there is a 
heat sink where the heat can be rejected after utilisation. In the original process the 
heat sink was the surface condenser of the black liquor evaporation plant. In the 
new process the heat sink was the surface condenser of the waste water evapora-
tion plant, operating at a much lover temperature and thus requiring more cool-
ing water. 
4 New cooling tower applied for waste heat 
evaporation 
To reduce the amount of fresh water needed for the cooling purposes, a cooling 
tower was connected to the evaporator condenser. The cooling tower (Figure 3) 
for this full-scale industrial application was design and dimensioned using a math-
ematical model and simulation program developed by Valmet (Milosavljevic and 
Heikkilä, 1999). 
Va iet Gaoling Tuiver 
NA.' :1i: rt2D 
Figure 3. Industrial cooling tower cooling 450 kg/s process water from 40 to 22 °C. 
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Cooling towers are based upon a principle where energy is removed from hot 
water in direct contact with relatively cool and dry air. In a counterflow cooling 
tower the process consist of gas phase (air) flowing upwards, a liquid phase (wa-
ter film) flowing downwards, and a large interface between the two phases. The 
key factors required for intensive heat and mass transfer in a cooling tower are 
large air to water interfacial contact area and high heat transfer coefficient. 
The cooling tower is design to cool 450 1/s of process water from 40 to 22 °C, 
and it is planned to run around the year in the Nordic climate. 
Figure 4. shows the total fresh water consumption in the paper mill and the 
influence of cooling tower on reduction in water consumption. 
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Figure 4.Total fresh water consumption in the paper mill (Years 1998-1999). 
The difference during the summer days of 1998 and 1999 was 200 1/s. In the near 
future the mill is going to connect other condensers and heat exchangers to the 
cooling tower to further reduce the fresh water consumption. Thereby the capaci-
ty of the 450 1/s cooling tower will be fully utilised which will lead to a 50% reduc-
tion in paper mill fresh water consumption. 
5 Conclusions 
Multiple-effect evaporation can be used to reduce significantly the use of fresh 
water and effluent load in a paper production line. The introduction of an evapo-
ration plant will, however, increase the demand for cooling. Other main consum-
ers of cooling in paper production include vacuum pumps, machinery and hy-
draulic systems, and various condensers. 
Cooling tower can be used successfully for the cooling of cooling water in 
closed water systems. 
The cooling tower forms the main heat sink in an integrated mill and togeth-
er with an evaporation plant simultaneously reduces the consumption of both 
process and cooling water. 
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Energy, material and chemicals flows 
in integrated zero emissions biomass 
refinery cluster 
............................................... 
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Latvian State Institute of Wood Chemistry, 27 Dzerbenes St., Riga LV1006, Latvia 
2 The United Nations University, Institute of Advanced Studies (UNU/IAS), 
53-67, Jingumae 5-chome Shibuya-ku, Tokyo 150-8304, Japan 
Abstract 
To provide a complete wood and non-wood plant biomass refinery into value-
added chemicals, materials and biofuels, the integrated processing scheme has 
been proposed. The treatment of biomass by steam at high temperature in the 
presence of catalyst allows realizing the hydrolysis of pentosans and dehydration 
of pentoses. Further processing of the remaining part of partially destructed ligno-
cellulose will be done according to one of several variants: steam explosion treat-
ment, acid hydrolysis or fast pyrolysis. It allows producing a range of products 
such as furfural, acetic acid, glucose, bioethanol, levoglucosan, microcrystalline 
cellulose, fibers materials, plastic, carbon materials, activated carbon and others. 
A part of the lignocellulose bulk, producer gas and the unused part of lignin are 
burned in a boiler house to provide biomass processing with energy, i.e. heat car-
rier and steam. 
Keywords: renewable resources, biobased products, biorefinery, Zero Emissions 
cluster, furfural, bioethanol, levoglucosan, carbon materials, steam explosion, fast 
pyrolysis 
I Introduction 
A sustainable industry will shift from the use of fossil resources to renewable ones, 
and will move the focus from natural forest consumption to an alternative utiliza-
tion of fast growing plantations or agricultural waste materials. Biomass refinery 
(biorefinery) separates the plant biomass, the so-called lignocellulosic materials, 
into its building blocks, namely, phenols and sugars, and is a methodological equiv-
alent to oil refinery (Gravitis and Suzuki, 1999a). A biorefinery CO2 production 
cycle is closed and it can stabilize the atmospheric greenhouse gases concentra-
tion. In general, biomass being renewable is a sustainable resource and, thanks to 
photosynthesis, is CO2 neutral. This is a principal advantage of biorefinery in com-
parison with oil refinery and other fossil fuel consumption systems. 
The UNU/ZERI (Zero Emissions Research Initiative) proposes a methodolo-
gy and an idea of structuring diverse industries into integrated clusters with Zero 
Emissions (no waste in the air, water, and soil) (Gravitis et al. 1997). The aim that 
the waste from one industry should become a raw material for other industries 
allows moving from the "cradle to grave" concept to the "cradle to cradle" one. 
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The present article demonstrates the attempts to construct of the Zero Emis-
sions biomass refinery industrial cluster and the qualitative analysis of the energy, 
material and chemicals flow inside this integrated system. Technological, envi-
ronmental and economical benefits as well as possible problems to realize such an 
interrelated processing scheme are discussed. The proposed outline of wood and 
non-wood biomass processing is based on methods and technologies developed 
or acquired at the Latvian State Institute of Wood Chemistry (Riga, Latvia) and is 
undertaken in the framework of the Zero Emissions Biorefinery approach devel-
oped at the Institute of Advanced Studies of the United Nations University. 
2 Methods and discussion 
To realize the refinery of wood and non-wood biomass into value-added prod-
ucts, the following potential integrated cluster has been proposed (Table 1). Each 
row of the Table represents a subprocess in the cluster. The waste of one subproc-
ess is used as the raw material in another one. In some cases, products or a part of 
them are also used as an intermediate product for further processing into prod-
ucts with higher added value. 
Table I. Complete biomass conversion into value-added chemicals, materials and biofuels using the Zero Emission bio-
mass refinery industrial cluster. 
Raw Material Treatment Products Waste 
Hydrolysis and Dehydration 
BIOMASS Temperature, Steam, Catalyst Furfural, Acetic acid Lignocellulose 
Variant 	I — Steam Explosion 
Lignocellulose Temperature, Steam Microcrystalline cellulose, 
Fibers 
Lignin, Sugars 
Lignin, Sugars 
+ BIOMASS 
Temperature, Pressure Plastic 
Plastic Temperature Carbon material Producer gas 
Variant 2 — Acid Hydrolysis 
Lignocellulose Temperature, Catalyst Glucose Lignin 
Glucose Fermentation Bioethanol 
Variant 3 — Fast Pyrolysis 
Lignocellulose Superheated steam, 
temperature 
Levoglucosan Charcoal 
Charcoal Temperature Activated carbon Producer gas 
Burning in 	Boiler House 
Lignocellulose, 
Producer gas, Lignin 
Burning Heat carrier, Steam 
The treatment of the lignocellulosic biomass with steam at a high temperature in 
the presence of catalyst allows the obtaining of furfural and acetic acid (Vedernik-
ov 1991 and references therein, Vedernikov 1994, Vedernikov 1999). The realiza-
tion of hydrolysis of pentosans and dehydration of pentoses in furfural produc-
tion from plant raw materials in the presence of organic acids and small amounts 
of concentrated catalyst solutions are accelerated differently. Various mineral ac-
ids and their salts may be used as catalysts. Such a process has permitted to solve 
two problems simultaneously: to increase the furfural yield from 55% up to 75% 
from the theoretical one and to preserve the cellulosic part of the raw material for 
further chemical processing. The amount of cellulose destroyed is approximately 
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5 times less as compared with conventional technologies. In addition the degree of 
polymerization, the crystallinity index and the molecular homogeneity of cellu-
lose in the lignocelulosic residue past furfural removal tend to grow. Steam treat-
ment in a range of changes in temperature and pressure, in combination with var-
ious catalysts, provides a universal method permitting to process all kinds of wood, 
slightly decomposed peat, various agricultural wastes and various wastes of 
processing grains and other agricultural products. Undoubtedly, each raw materi-
al needs the corresponding optimum combination of the main parameters of the 
process. 
The remaining bulk of partially destructed lignocellulose is divided into two 
parts; one of them is burned in a boiler house to provide energy for biomass process-
ing. Further processing of the remaining part of lignocellulose is done according 
to one of the variants: the steam explosion process, acid hydrolysis and fast pyrol-
ysis. There are possibilities to use one or several processing variants according to 
the demands to receive a certain range of products. 
One of such variants foresees steam explosion (SE) autohydrolysis (high-tem-
perature steam, pressure) to produce pulp (Gravitis 1987; Polmanis et al. 1998). 
During the process, a wide range of chemical transformations occurs: the func-
tional groups are cut off, and thereby acid molecules are formed in the system (for 
example, acetyl groups in hemicellululoses provide the formation of acetic acid). 
These newly formed acids act as hydrolysis agents against the treated material. 
After the sudden release of pressure at the end of the SE process, the difference 
between the pressure in the material (tissues) and the surrounding media creates 
the explosion of the material, providing an effective defibration of the wood and 
non-wood plant biomass. The principal separation scheme of biochemical compo-
nents after the application of SE may be summarized as follows: sugars and oli-
gosaccharides (formed in the process of cellulose, hemicelluloses and starch depo-
lymerization) are extracted by water, lignin is separated by a mild alkaline solu-
tion or organic lignin solvents, while the residue is cellulose and the remaining 
lignin. The SE process can be optimized to produce microcrystalline cellulose (Be-
lickis et al. 1997) or a fiber material (Gravitis et al. 1999b) from the unsoluble resi-
due. The lignin fraction or extracts, comprising both soluble fractions, would be 
used as a binder to prepare plastic. The combination of the binder with the un-
treated portion of the biomass or fiber material allows the obtaining of fiberboards 
and composite materials (plastics). The concentration of lignin and sugars solu-
tion to produce a binder and the regeneration of solvent is realized by evapora-
tion. The remaining amount of soluble mono- and oligosaccharides would be proc-
essed into bioethanol. 
The carbonization of plastic at high temperatures allows the obtaining of car-
bon materials (biocarbon) (Zandersons et al.1997, Zandersons et al. 1999a, Zander-
sons et al. 1999b). During hot molding of SE lignin in a mixture with the lignocel-
lulosic material, the lignified cell wall structures will be soaked with lignin. At 
elevated temperatures (up to 1000 °C), the development of joint aromatic struc-
tures of the plastic components may be anticipated, and durable, compression, 
friction and thermally resistant materials may be prepared. This concentrated car-
bon sink will be used as an isolation or construction material. The production of 
carbon materials gives a chance to broaden the assortment of up-to-date materials 
from the lignified biomass. The volatile products of pyrolysis (producer gas formed 
during the process) are passed to the boiler house. 
Our preliminary case study and experimental data exhibit that integration of 
steam explosion and carbonization techniques allows to process 1000 kg non-wood 
biomass into 195 kg carbonaceous material (panels) and 270 kg cellulose contain-
ing fiber material. During this scheme 42% of biomass are subjected to SE treat-
ment to obtain binder, while remaining 58% are used as filler to prepare fiber- 
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board (plastic). The combustion of the volatile products of such fiberboard pyrol-
ysis (360 kg) allows to provide 7400 MJ energy being comparable to the energy 
necessary for evaporation of the solvent from biomass filler and binder mixture 
before moulding and for carbonization. Other modification of this scheme pre-
dicts that pulp obtained after SE is mixed with untreated portion of biomass to 
prepare fiberboard (plastic). In such a case only 275 kg of carbonaceous panels as 
value-added products will be obtained and 10350 MJ of energy will be utilized to 
provide for energy demands. 
In another variant, the lignocellulose hydrolysed by mineral acid during the 
percolation process yields lignin and glucose (Vedernikov 1991 and references there-
in). The latter will be used to produce bioethanol (by the fermentation process) or 
chemicals for syntheses, while lignin is passed to a boiler house. A potentional 
utilization of lignin as a source for phenolic intermediates for chemical syntheses 
will be also taken into account. 
There is still another possibility to expand this scheme. The fast pyrolysis of 
lignocellulose in an entrained flow reactor with superheated steam can be used to 
obtain levoglucosan (1,6-anhydro-b,D-glucopyranose) (Pernikis et al.1997). A good 
yield of levoglucosan can be achieved, i.e. 20 to 26% from the mass of oven-dried 
lignocellulose or 47.5 to 63% from the mass of cellulose. A convenient method for 
levoglucosan purification has been developed (Zandersons et al.1985). Due to the 
presence of 1,6-anhydro rings capable of breaking and three secondary hydroxyl 
groups, levoglucosan can be used for the synthesis of different low- and high-
molecular compounds. Charcoal (formed during the process) can be further proc-
essed into activated carbon. The producer gas is passed to the boiler house, as in 
previous case. 
Both the hydrolysis and dehydratation stage and any variants of further 
processing are closely interlinked with the energetical subprocess, burning in the 
boiler house. It supplies the cluster with energy, i.e. heat carrier and steam. Along 
with producer gas and the unused part of lignin, the necessasry quantity of hemi-
cellulose is burned. Hence, the potential cluster is energetically self-sufficient. 
3 Conclusions 
This scheme is open to adaptation and including of new processing technologies 
and other types of value-added products according to Zero Emissions principles, 
economic (market) requirements and distinguished features of raw materials. 
The next stage of such an analysis of the cluster will be a quantitative charac-
terization of the materials and energy flow inside the proposed cluster. For this 
purpose it is necessary to evaluate the input-output tables of each subprocess and 
its dependence on the subprocess realization regime. Such a set of input-output 
tables wills facilitates the estimation of the environmental impact of a production 
scheme applying the Life Cycle Assesment (LCA) approach and description in 
terms of emergy and exergy. 
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Degradable fluorescent whitening 
agents? Wishful thinking? 
.............................................. 
Peter Richner and Rolf Bretz 
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Abstract 
Fluorescent Whitening Agents (FWAs) are regarded as "not readily biodegrada-
ble" because the customary tests (OECD 301) fail. FWAs are widely used in deter-
gents, paper and textiles and consequently show an ubiquitous environmental 
distribution. An assessment of the environmental fate has been the focus of in-
depth studies of 4,4'-distyrylbiphenyl derivatives (DSBP) a class of FWAs with a 
unique technical and environmental profile. Field studies in Switzerland prove a 
quick light-induced reaction in rivers and lakes. This photodegradation finally 
yields in two products namely benzaldehyde-2-sulpho acid salt and diphenyl-
4,4'-dialdehyde. Both photodegradation products are shown to be readily biode-
gradable in OECD test 301F. The combined rate and DOC reduction justifies the 
assessment of distyrylbiphenyl derivatives to be readily biodegradable. The Envi-
ronmental Risk Assessment (ERA) proves that there is no risk to the environment, 
neither by the original FWAs nor by their degradation products, as seen in the 
final fate studies. The LCA (Life Cycle Assessment) of the modern DSBP FWAs 
shows ecological advantages due to their superior whitening efficiency. DSBP FWAs 
are an attractive option in technical and environmental terms when applied in 
sizing and coating. 
Keywords: Fluorescent Whitening Agents, environment, risk assessment, photoly-
sis, Life Cycle Assessment (LCA) 
I Introduction 
Fluorescent Whitening Agents (FWAs) are in general not considered to be readily 
biodegradable according to OECD 301. As FWAs are widely used in detergents, 
paper/board products and textiles they consequently show a wide disperse dis-
tribution in the environment. It is therefore important to assess the environmental 
fate and distribution. 
While the most important FWAs in quantitative terms are the diamino-stil-
bene (DAS) derivatives, the DSBP FWAs come into their own to meet special tech-
nical requirements. These FWAs belong to a different class, the 4,4'-distyrylbiphe-
nyl derivatives. Their fate in the aquatic environment has been the focus of in-
depth studies. 
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2 General data of DSBP 
Below, some important physico-chemical data are shown for DSBP (chemical name: 
Benzenesulfonic acid,2,2'-[1,1'- biphenyl]-4,4'-diyldi-2,1-ethenediyl)bis-, disodium 
salt): 
Chemical structure: 	 SO3Na 
SO3 Na 
Formula C D8H20Na206S2 Molecular weight 562.58 
Solubility in water 25 g/L at 30°C ' K. 0.001 
Hydrolytic stability > D year (ph 4 -9) Melting 	 oint approx 300°C 
Henry Constant < 1.10-8 Pa:m3.Mol- lat 25° C Vapour pressure < 10-6 Pa at 25°C 
The distyrylbiphenyl disulfonic acid disodium salt shows an excellent water solu-
bility and a very low K°w that indicate a negligible potential for bioaccumulation. 
The extremely low vapor pressure and consequently low Henry Constant confirm 
that DSBP is not distributed in the atmosphere. Furthermore the substance shows 
no hydrolysis. Due to these findings, the assessment of the final fate can concen-
trate on the environmental compartments water, sludge and soil. 
3 Approach and results 
Extensive research was focused on the aquatic system and studied in detail the 
steps isomerization, photolysis as well as the biodegradation of the photodegra-
dation products of DSBPla. 
Once FWAs are exposed to sunlight, the first step is the photoisomerization. 
The data confirm that on exposure to sunlight, DSBP dissolved in water is con-
verted to photoisomers within minutes. 85% remain as the fluorescent E,E isomer 
while 15% are converted to the E,Z isomer which lacks the fluorescence. 
Mass balance of DSBP in the lake of Greifensee 
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It is known that FWAs undergo a photodegradation what has proved to be 
significant in the photic zones of lakes and rivers. The kinetic data of the photo-
degradation are now well known and enable prediction of the photolysis under 
various conditions of sunlight exposure. Field studies in Switzerland on lake 
Greifensee and river Glatt substantiate the scale and rate of photolysis under worst 
case conditions in a heavily populated catchment area. The vertical DSBP concen-
tration profile of lake Greifensee in summer proves a significant photodegrada-
tion but also in the river Glatt a photodegradation of >70% within 28 days in win-
ter has occurred. On a cloudless summer day 70% photolysis is achieved after 1.5 
days only. 
The project at lake Greifensee3 allowed to measure the mass balance as well 
as the total elimination of DSBP under "real world" conditions. 
The mass balance indicates that 80% of the DSBP was degraded by photoly-
sis. The balance of 20% is evenly allocated to flushing and sorption/sedimenta-
tion. The dominant portion of photodegradation leads to the question of the mode 
of action of photolysis and the chemistry of the photodegradation products. 
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sc e 
I hv, 02  
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Photolytic pathways of DSBP 
Photodegradation initially yields a main product la (benzaldehyde-2-sulpho acid 
salt, and a photo-unstable intermediate lb which, at a slower rate, breaks down to 
form a second main product 1c (diphenyl-4,4'-dialdehyde). Both photodegrada-
tion products are shown to be readily biodegradable in OECD test 301F. Diphenyl-
4,4'-dialdehyde is unstable and oxidizes to diphenyl-4,4'-dicarbylic acid (1c, ox-
ide.) within 24 h. 
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Biodegradation of the abiotic metabolites t a and I c according to OECD301 F 
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Diphenyl-4,4'-dialdehyde (1c) has low solubility in water (some ppm) but is un-
stable and rapidly oxidized into the well water soluble and low-toxic diphenyl-
4,4'-dicarbylic acid (1c, oxide.). Because of this limited stability of diphenyl-4,4'-
dialdehyde. The Environmental Risk Assessment (ERA)4 according to EC for DSBP, 
the PNEC of diphenyl-4,4'-dicarbylic acid (1c, oxide.) and diphenyl-4,4'-dicarbyl-
ic acid (1c, oxide.) was conducted. All Predicted No Effect Concentrations (PNEC) 
are well below the environmental concentrations measured in monitoring pro-
grams. The results of these extensive studies are very favorable and do not indi-
cate a risk to the environments. 
4 Life Cycle Assessment LCA 
The chemical synthesis of a DSBP-type FWA is more complex than that of conven-
tional whiteners. To ensure that the environmental impacts of manufacturing do 
not outweigh the advantages of degradability, a full cradle-to-gate LCA according 
to ISO 14040 ff.' was performed. To simplify the complex inventory tables, only 
the results of the impacts assessment according to Eco-Indicator 95' are shown 
below. The relative distribution of the ecological impact classes shows the typical 
pattern seen in many chemicals: Acidification is dominated by the combustion 
gases SO2 and NON, the former also accounting for 85% of the winter smog impact. 
The greenhouse effect is mostly caused by CO2. The rather large influence of the 
heavy metal emissions (44% of the total) reflects the high weight attributed to this 
emission by the Eco-Indicator 95. More than half of this heavy metal impact is due 
to the assumed use of a SbC13 catalyst described in the literature for the synthesis 
of one starting material, which is bought from third-party suppliers; no heavy 
metals are employed in our own syntheses. 
DSBP Fluorescent Whitening Agent 
Class Contribution to Eco-Indicator 95 
® Acidification 
®Carcinogenesis 
• Global Warming 
®Heavy Metals 
■ Nutrification 
DOzone Depletion 
■ Summer Smog 
■ Winter Smog 
Life Cycle Impact Assessment 
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Contributions of Life Cycle Stages to 
Eco-indicator 95 (Mpoints) 
6% 
75% 
® Energy Provision 
(Precomb.+Electr.) 
■ Transport 
® 3rd Party Chemicals 
from Literature 
p Dn-house Processes 
Life Cycle Assessment: Production Stages 
Generally, the impacts of our own manufacturing stages (24%, documented by 
measured data) are small compared with the share of the third-party intermedi-
ates whose synthesis paths, resource consumption, and emissions had to be esti-
mated from literature data (58%). 
In absolute terms, the LCA results of the DSBP-type FWAs are somewhat 
higher per kg of product, when compared with traditional whiteners; however, 
due to their superior whitening efficiency, they show a better ecological perform-
ance when judged on a "per effect" base. 
5 Conclusions 
An extensive research program has been conducted by the Swiss Institute of Tech-
nology (ETH) and the chemical industry to characterize and assess the final fate 
and environmental risks of FWAs. 
It is now scientifically proven that DSBP-type FWAs undergo a rapid isomer-
ization, followed by a photodegradation of >70% within 28 days. The resulting 
two well-defined photodegradation products are readily biodegradable accord-
ing to OECD 301F. 
Unfortunately, clear guidelines for a classification of the combination of abi-
otic /biotic degradability are still lacking. These findings contribute to the scien-
tific basis that will enable an amendment or a more precise definition of this clas-
sification. 
An Environmental Risk Assessment (ERA) conducted by a European Com-
petent Authority confirmed our findings that the PEC/PNEC ratios are below 1 
for the environmental compartments water, sludge, sediment and soil. 
A Life Cycle Assessment LCA covering the whole manufacturing chain from 
the fossile raw materials reveals that the environmental burdens resulting from 
the more complex synthesis of DSBP-type FWAs are more than outweighed by 
their superior whitening efficiency that allows smaller whitener concentrations to 
reach the same effects. 
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DSBP-type products are unique because they are at present the only class of 
FWAs that shows an almost complete biological degradation of the photodegra-
dation products. The favorable ecological profile and Life Cycle Assessment (LCA) 
of DSBP offer producers and consumers of household detergents, paper/ board 
products and textiles a truly ecological choice. 
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Abstract 
The removal of organic compounds and the change of the biodegradability of an 
acid pulp mill effluent were studied by using two AOPs: hydrogen peroxide /ozone 
and ferrous ion catalysed hydrogen peroxide. Both methods are able to lower sig-
nificantly the CODcr and TOG of the water. The biodegradability, measured as 
BODI/CODcr ratio or evaluated on the basis of the molecular weight distribution 
of the untreated and oxidised effluents, is increased during AOP treatment as well. 
Keywords: pulp, bleaching effluent, oxidation, hydrogen peroxide 
I Introduction 
Advanced oxidation processes (AOP) are based on the generation of highly active 
hydroxyl radical intermediates. AOPs include e.g. 03/H202, Fe2+/H2O2, 03/UV 
and H202 /UV. AOPs are most widely applied when normally difficult-to-decom-
pose compounds are present in water. Destruction of organic compounds, like 
phenols and chlorinated organic compounds, are illustrative examples of the uti-
lisation of AOPs. A total demineralisation of organic contaminants by AOP is not 
usually cost-effectively or chemically reasonable under ambient conditions (p and 
T). Thus, AOP treatment is applied mainly to decompose e.g. toxic compounds to 
less toxic or non-toxic products, or to make the effluent more biodegradable by 
breaking up larger organic molecules into smaller ones /1-5/. 
In the present study, the efficiency of hydrogen peroxide, combined with ei-
ther ozone or ferrous ion catalyst, in the treatment of an acid bleaching effluent 
from a pulp mill was investigated. The removal of the organic compounds as well 
as the biodegradability of the treated filtrate were studied. 
2 Methodology 
2. I Acid filtrate sample 
The acid filtrate (DO filtrate) originated from a soft wood pulp mill process which 
has a bleaching sequence DO-O/O-D1-E(P)-D2. The temperature in this bleaching 
stage is 65°C. The analysis of three different batches of the filtrate are shown in 
Table 1. The tests of the present study were done by oxidising filtrate DO 3. 
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Table I. Analysis of DO filtrates. 
	
DO I 	 D02 	 D03 
pH 	 3.4 	 3.0 	 3.1 
CODs mg/I 	 820 	 940 	 1210 
TOC, mg/I 	 360 	 400 	 520 
BOD,, mg/I 	 na 	 na 	 350 
na: not analysed. 
2.2 Experiments 
2.2.1 Chemicals 
Hydrogen peroxide was Kemira Chemicals' 50% technical grade H202 and ferrous 
sulphate Kemira Kemwater's technical grade Ferrosul which contains 17.5% fer-
rous iron. Ozone was generated from oxygen gas with Herrman-ozone generator. 
1 M NaOH was used for pH regulation. Sigma's Catalase C-30 (EC 1.11.1.6) was 
used for the destruction of residual hydrogen peroxide from the solutions. 
2.2.2 Analytical methods 
CODE was analysed with DrLange Cuvette Tests LCK114 and LCK014, TOC with 
Shimadzu TOC-5000A apparatus and BOD7 with a standard method SFS 5508. The 
residual hydrogen peroxide was detected with a strip test, Baker Strips Peroxide. 
The molecular weight distribution was determined by HPLC using a TSK-
GEL G3000SW column and UV-VIS detector. The molecular weight distribution of 
the treated effluents was compared to that of the untreated water. Thus, no abso-
lute values, but only comparative molecular weight distributions were obtained 
with the present method. The method is able to detect the molecules with a molec-
ular weight not less than approximately 100. Thus, the share of the smallest mole-
cules can be evaluated by comparing the amount of organics shown in M  dia-
grams to the respective CODS values. 
2.2.3 Oxidation tests 
In the oxidation tests with hydrogen peroxide and ozone, pH of the filtrate was 
incresed to 7 with 1 M NaOH. Hydrogen peroxide was dosed to the heated solu-
tion and ozone was added so that the mass ratio of hydrogen peroxide/ozone was 
0.5-1.5. The dosages of hydrogen peroxide were 1.9 and 3.8 g/l 100% H202 which 
are equal to 0.75 and 1.5* theoretical amount which is needed to totally oxidise 
CODE . The temperature was 60°C. After the reaction, the residual hydrogen per-
oxide was decomposed with an enzyme, and CODE,  TOC and BODI as well as the 
molecular weight distribution were analysed. BODI/CODCr ratio was calculated 
and used as an indicator of the biodegradability of the water. 
Oxidation tests with hydrogen peroxide and ferrous iron catalyst were car-
ried out by adding 20 mg/l Fee and 0.38-3.8 g/l 100% hydrogen peroxide into the 
heated filtrate. The hydrogen peroxide dosages correspond to 0.15-1.5*theoretical 
amount which is needed to totally oxidise CODS . The reaction temperature was 
60°C. Some comparative tests were carried out at room temperature, 24°C. After 
the desired reaction time, 60 min for the tests at 60°C and 90 min for the tests at 
room temperature, the samples were treated and analysed as after hydrogen per-
oxide/ozone treatment. 
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3 Results and discussion 
The conditions and the results of the oxidation tests are shown in Tables 2 and 3. 
18-48% CODE and 13-40% TOC-reductions are obtained with hydrogen 
peroxide/ozone oxidation while BODI either increases or remains at the initial 
level (Table 2). The BODI/CODs, ratio increases in all oxidations, i.e. the share of 
the biodegradable organic compounds increases during oxidation. The more ef-
fective the oxidation, the higher is the BODI/CODcr ratio. Ozone alone also in-
creases the share of the biodegradable compounds, but the combination of hydro-
gen peroxide and ozone is much more efficient. With ozone alone the ratio BODI/ 
CODE increases from 0.3 to 0.4 while with hydrogen peroxide/ozone (equal 
amount of ozone, H202/03 1.5) the ratio is as high as 0.9. 
A similar trend in the CODcr and TOC-reductions is observed when using 
ferrous iron ion as a catalyst for hydrogen peroxide oxidation at 60°C. 23-37% of 
CODC and max. 20% of TOC are removed, and the BODI/CODCr ratio increases 
from the initial 0.3 up to 0.4-0.5. 
Table 2. Conditions and CODcr, TOC and BODI reductions in the oxidation tests of DO 3 filtrate at 60°C, 60 min. 
H202 	03 	H202/03 	Fee + 	COD cr 	CODE r 	TOC 	TOC 	BODI 	BODI/COD 
g/l 	g/l 	g/g 	mg/I 	mg/I 	red.% 	mg/I 	red .% 	mg/I 
- - - - 1210 - 520 - 350 0.3 
1.9 0.95 1/0.5 - 990 18 450 13 370 0.4 
1.9 1.9 I/I - 870 28 440 15 340 0.4 
1.9 2.8 1/1.5 - 800 34 400 23 360 0.5 
3.8 1.9 1/0.5 - 860 29 430 17 440 0.5 
3.8 3.8 I/I - 710 41 360 31 '`'` 
3.8 5.7 1/1.5 - 620 48 310 40 570 0.9 
0 5.7 - - 780 35 390 25 330 0.4 
0.38 - - 20 930 23 na - na - 
0.63 - - 20 850 30 430 17 na - 
1.3 - - 20 760 37 na - na - 
1.9 - - 20 780 36 410 21 300 0.4 
3.8 - - 20 820 32 430 17 380 0.5 
1.9* 20 1060 12 510 2 370 0.3 
3.8* - - 20 1010 17 500 4 400 0.4 
* 24°C and 90 min., '`'` analysis failed, na: not analysed. 
Table 3. The share of residual organic compounds after the oxidation of DO 3 filtrate at 60°C, 60 min. 
H202 	03 	H202/03 	Fee 	CODCr 	TOC 	BODS /CODc 	Mw 
g/l 	g/l 	g/g 	mg/I 	% 	% 
- - - - - - 0.3 - 
1.9 0.95 1/0.5 - 82 87 0.4 65 
1.9 1.9 I/I - 72 85 0.4 50 
1.9 2.8 1/1.5 - 66 77 0.5 30 
3.8 1.9 1/0.5 - 71 83 0.5 50 
3.8 3.8 I/I - 59 69 - 25 
3.8 5.7 1/1.5 - 52 60 0.9 20 
0 5.7 - - 65 75 0.4 50 
1.9 - - 20 64 79 0.4 60 
3.8 - - 20 68 83 0.5 45 
1.9* - 20 88 98 0.3 85 
3.8* - 20 83 96 0.4 90 
* 24°C and 90 min., na: not analysed. 
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Comparison of the contents of the residual organic compounds in the filtrate on 
the basis of CODE or TOC and Mw distribution (Table 3) indicates that even if the 
share of CODCr or TOC remaining is e.g. 66% or 77% (hydrogen peroxide/ozone 
ratio 1/1.5, hydrogen peroxide dose 1.9 g/1), the share which is observed in M 
distribution is only 30% of the initial. Thus, it can be concluded that the sample 
contains organic compounds which are not shown in Mw analysis, i.e. their molec-
ular weight is very low. This is in accordance with the increase of BODI/CODCr  in 
this oxidation: the ratio is 0.5 instead of the original 0.3. 
The effect of temperature on the removal of organic compounds by oxidation 
is evident (Table 2). After oxidation with H202/Fe2` at room temperature the COD-
and TOC-reductions remain at the level of 12 and 2%, respectively. At 60°C the 
reductions are 36% for CODCr and 21% for TOC. The biodegradability of the fil-
trate, measured as BODI/CODCr ratio, increases almost as much as at a higher 
temperature: BODI/CODCr ratios are 0.4-0.5 at 60°C and 0.3-0.4 at room tempera-
ture. However, the share of the smallest molecules is lower than after oxidation at 
higher temperature. 
There is no big difference between the hydrogen peroxide/ozone and the 
ferrous ion catalysed hydrogen peroxide method in the removal of organic com-
pounds and in the decomposition of CODcr to BODI at 60°C. In this specific case 
(acid bleaching effluent) the application of ferrous ion catalysis is advantageous 
because no pH regulation is needed for the oxidation reactions. In addition, the 
formed ferric ion may be utilised afterwards by elevating pH to such a level that 
ferric sulphate coagulates impurities and further increases the removal of organic 
compounds. The benefit of ozone is its capability of oxidising organic compounds 
without a catalyst but it is clearly shown that the combination of ozone and hydro-
gen peroxide is more efficient than ozone alone. 
4 Conclusions 
Oxidation of the acid pulp mill effluent at 60°C with hydrogen peroxide in 
combination with ozone or ferrous ion catalyst significantly decreases the 
content of organic compounds. Close to 50% CODCr and 40% TOC-reduc-
tions were obtained in the present tests. 
The biodegradability of the filtrate increases during the AOP treatment. The 
share of the biodegradable material, measured as BODI/CODCr ratio, was 
as high as 90% after the most efficient oxidation stage. 
The ferrous ion-catalysed hydrogen peroxide treatment at room tempera-
ture decomposes organic compounds to more biodegradable, even if the re-
moval of organic compounds remains low. 
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I Introduction 
The main pollutants in the liquid discharges from the pulp and paper industry are 
organic substances measured as COD and BOD, and substances causing colour in 
the effluent. In addition the discharges contain inorganic ions, including nutrients 
and heavy metals. 
Closing up the process water loops does not eliminate pollutants, but con-
centrates them in the water up to a critical limit, where they cause disturbances in 
the pulping or papermaking process. The water loops have either to be kept open, 
and the discharged water treated in external wastewater treatment plants, or the 
re-circulated process water has to be purified by process-internal means. Because 
the biological treatment plants are not very effective in eliminating lignin-derived 
and coloured substances, and have no effect on the inorganic load including the 
heavy metals, the process-internal measures are more effective and, when fully 
utilised, can totally eliminate the water pollutants. 
Although the technology for eliminating water pollutants is available, there 
must be some incentive for the mills to make the necessary investment. These 
incentives can be: 
• Economic payback of invested money 
• Scarcity or high price of fresh water 
• Environmental regulations 
• Market demands 
• Improved company image 
In the western world there are few cases where a clear payback of an environmen-
tal investment can be calculated. However, in many developing countries, using 
non-wood fibre resources for papermaking, it would be highly profitable to recov-
er both chemicals and energy from the spent cooking liquor now discharged with 
severe environmental impact. 
Big pulp and paper mills are usually located on the shores of big lakes or 
rivers, from which they can extract their process water, by tradition free of charge. 
All mills are not in this lucky situation. Some mills use huge amounts of ground-
water, and even inject their polluted water back into the ground with severe con-
sequences in the long run. 
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The most powerful incentive for environmental actions seems to be market 
reactions. A good example is how fast the use of molecular chlorine for pulp bleach-
ing was abandoned, something that was considered "impossible" only ten years 
ago. Demands from the market trigger actions to maintain or improve the compa-
ny image. 
2 Route to discharge elimination 
The first step toward discharge elimination is the reduction of the amount of proc-
ess water to be internally purified. This is not necessary from a technical point of 
view, but because the investment and operating cost of the equipment needed for 
process water purification is in line with the amount of water to be treated, it is 
economically justified. Obviously limits are set for this practice; process distur-
bances caused by accumulation of contaminants should be avoided. These distur-
bances can occur because of a too high concentration of dissolved substances, scal-
ing due to precipitation, temperature changes etc. Process simulation is a power-
ful tool to study these phenomena before any investments are made. 
Process water that cannot be re-circulated into the process stages should be 
purified, i.e. the contaminants separated from the water. Different separation tech-
nologies are available; the most common are filtration, chemical precipitation, dis-
solved air flotation, membrane separation and evaporation. In many cases a com-
bination of a number of these methods is necessary. 
The block diagram in Fig. 1 shows an arrangement, by which the process 
water from a mechanical pulping process can be purified and reused, and the 
contaminants treated in an environmentally acceptable way. 
water 
I 	_ 
Mechanical ul n I P pi g r--S 
..--.............. 	...................- 
Process water 
separation 
pulp 
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_ CO 2 
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Figure I. A mechanical pulping process water cycle. 
By applying separation methods two fractions are obtained, purified water that 
can be used in the process, and a concentrate containing the contaminants. The 
concentrate contains usually both inorganic and organic components. The inor-
ganic component derives mainly from the chemicals used in the process, but con-
tains also elements dissolved from wood or other fibre raw material used. Among 
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these elements are traces of heavy metals, such as manganese, zinc, lead, cadmi-
um and chromium. The organic component comprises mainly substances dissolved 
from the fibre raw material and is causing the chemical oxygen demand (COD) in 
the liquid. 
In order to eliminate the organic substances in the concentrate, they should 
be completely oxidised into carbon dioxide and water vapour. This can in some 
cases be done in existing combustion units, such as a bark or recovery boiler. How-
ever, the inorganic components in the concentrate often prevent this practice. Feed-
ing the concentrate into a recovery boiler of a kraft pulp mill may cause unwanted 
accumulation of non-process elements in the chemical cycle. Burning the concen-
trate in a bark boiler may cause severe slag problems, because the concentrate 
often contains sodium that considerably decreases the ash melting point. There-
fore a special oxidiser for elimination of the concentrate has been developed. 
3 Precipitation and flotation 
Chemical precipitation and dissolved air flotation are optional wastewater polish-
ing stages that in some cases should be included. Ions that may cause scaling when 
the wastewater is concentrated by evaporation (or ultra-filtration) can be separat-
ed by chemical precipitation and subsequent sedimentation. Insoluble calcium salts 
are typically scale-forming components. By adding a surplus of sodium carbon-
ate, calcium carbonate can be precipitated from the liquid before it is concentrat-
ed. If caustic soda is used in the process to neutralise organic acids, the salt solu-
tion from thermal oxidation contains sodium carbonate that can be used for calci-
um precipitation. When doing so the pH of the liquid is increased, which helps to 
retain volatile carboxylic acids, e.g. acetic acid, in the solution during evaporation. 
Dissolved air flotation may be used if the wastewater contains fibre fines or 
colloidal matter that during concentration would cause problems. 
4 Evaporation 
When low-molecular substances and monovalent ions are present in the process 
water, evaporation is the cost-efficient way to separate all the contaminants from 
the liquid. Evaporation is considered very energy consuming, but by applying the 
mechanical vapour recompression (MVR) principle very little energy is required 
for the evaporation process. No steam is needed, because the evaporated water 
vapour is recompressed and used as heat source. Neither is cooling water required. 
As long as a small temperature drop for the heat transfer is needed, the power for 
the steam recompression is low, even less than 10 kWh/m3 of purified water. 
The boiling point elevation of the liquid increases at increased content of dis-
solved substances. At higher liquid concentration a greater temperature drop for 
heat transfer, and thus a more powerful compressor for the steam re-compression, 
is required. Therefore, for final evaporation a steam-driven multiple-effect evapo-
rator is recommended. In a case as shown in Fig. 1, the wastewater has typically a 
dissolved solids (DS) content of 1% and the MVR evaporators can increase the DS 
content to about 10%. The thermal oxidiser has an in-built direct-contact evapora-
tor, so the required DS content after the steam-driven evaporator is about 40%. 
More than 90% of the water is evaporated with the energy-efficient MVR tech-
nology, when only 7,5% of the water is removed in the steam-driven evaporator 
and 1,5% in the direct-contact evaporator. 
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5 Thermal oxidation 
For final elimination of the organic matter causing COD, the Conox oxidiser can 
be used. The oxidiser is designed to burn low-calorific liquor without large pro-
portions of support fuel. A low ash melting point does not cause problems, and 
chloride-containing liquids can be burnt without emission of chlorinated organic 
compounds (dioxins) or hydrochloric acid. The oxidiser has a compact design and 
requires very little space. This is achieved because the oxidiser uses technically 
pure oxygen instead of combustion air and the device is pressurised to 10 bar. 
The combustion takes place with the liquor atomised into small droplets in 
the gas. The reaction chamber is kept at a temperature that normally will exceed 
15000C. The inorganic substances in the feed will form a thin solidified layer on 
the completely water-cooled reactor wall, and surplus slag will run in molten state 
into a compartment, where the slag is dissolved in water. By combustion, the or-
ganic anions are substituted with carbonate, and because the carbonates of heavy 
metals have a low solubility in alkaline solutions, these carbonates form a precip-
itate that can be separated by filtration from the salt solution. Thus the heavy met-
als can be concentrated in a small amount of solid matter and taken care of. The 
remaining salt solution contains only environmentally harmless salts. 
The gas from the reaction chamber is rapidly quenched to a temperature be-
low 250 °C. The liquid used in the quench is either the incoming feed, which then 
is further evaporated, or clean water. The gas is saturated with water vapour and 
lead to a heat exchanger. Here a portion of the vapour is condensed and the re-
leased heat generates pure low-pressure, typically 3 bar steam. At the same time 
the heat exchanger acts as a very efficient wet gas scrubber. Optionally the gas can 
be lead through a second similar heat exchanger, condensing more water vapour, 
further cleaning the gas and generating atmospheric steam. The steam that is gen-
erated by burning the organic component of the contaminated process water cov-
ers typically the steam demand of the steam-driven evaporator. 
6 Conclusions 
The approach described here makes it possible to completely eliminate harmful 
liquid discharges without creating other harmful emissions. The example shown 
is related to mechanical pulping, but the same approach can be used e.g. for ECF 
or TCF bleach plants. The equipment described is commercially available. 
Investment and operating costs must be calculated case by case. These costs 
are counterbalanced by savings in other investments, e.g. for an activated sludge 
wastewater treatment plant, for fresh water treatment etc. Savings are possible in 
the operating costs, too. 
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Sustainable development at the 
Shotton Paper Company 
................... U • • • • • .....••U•  • • ••• ... . . . . . 
John Sanderson, The Shotton Paper Company 
Michael Smith, Forum for the Future 
This presentation will describe the development of an approach to sustainable 
development in partnership with a UK leading sustainability NGO. The creation 
of a sustainability aspects diagram, projects and programmes of activity that are 
helping the Shotton Paper Company plan an approach to sustainable develop-
ment. 
Introduction 
Shotton Paper Company is a part of the UPM-Kymmene Group. Shotton has been 
encouraged to develop its approach to environment and will be publishing its 
first environmental report in 2000. 
With exemplary environmental management systems and great strides for-
ward in reducing environment impact, Shotton Paper Company has decided to 
develop a long-term partnership with a sustainability non-governmental organi-
sation, Forum for the future. 
This partnership is designed to help explore the implications of sustainable 
development and implement practical management steps to ensure that Shotton 
Paper Company is seen as the leading paper company in the UK tackling the com-
plex relationships required for sustainable development. 
Projects 
To date Shotton Paper Company has helped put on a UK based event "towards a 
Sustainable Paper Cycle". Attended by some of the most influential groups across 
a wide range of interests, this was a UK first. Opposing groups came together, 
with significant influence being exerted by Forum for the Future staff, to discuss 
the issues openly and constructively. 
A project has been initiated to look how The Natural Step can help define the 
actions required of Shotton to progress towards sustainability. 
Shotton has conducted a full sustainability review of its operations and man-
agement practices. This review identifies the gaps between current practices and 
those that are required of a company to operate in a sustainable society. 
The directors and senior managers of the business have since then, worked 
together in a facilitated session to define a vision of a sustainable paper company 
and prioritise the issues that should be tackled. This work will be used as the 
foundation for a creative drama workshop, where the vision will be refined be 
creative interaction with actors, playing out the results of environmental decision 
making. 
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Comparing biological responses to 
mill process changes: A study of 
steroid concentrations in goldfish 
exposed to effluent and waste 
streams from Canadian pulp mills 
J.L. Parrott', J.J. Jardine', S.R. Blund, L.H. McCarthy', M.E. McMaster', K.R. 
Munkittricki, C.S. Wood2, J. Roberts' and J.H. Carey' 
I National Water Research Institute, Environment Canada, 867 Lakeshore Road, 
Burlington, Ontario, Canada L7R 4A6 
2 Nexfor Technology Centre, 240 Hymus Blvd., Pointe Claire, Quebec, Canada H9R 
1G5 
3 Nexfor Inc. Corporate Office, Suite 4500, Toronto-Dominion Centre, Toronto, 
Ontario, Canada M5K 1A1 
Abstract 
During the cycle 1 environmental effects monitoring (EEM) studies, wild fish col-
lected downstream of several Nexfor Canadian pulp mills indicated reduced go-
nad size or fecundity. A two-year collaborative study between Nexfor Inc. and the 
National Water Research Institute of Environment Canada was begun to assess 
effluent-related changes in goldfish circulating sex steroids (testosterone, 11-ke-
totestosterone) or production of steroids in vitro by testes of exposed fish. Along 
with final effluent, individual waste streams from the mill processes were tested 
to investigate the potential source(s) of steroid-disrupting compounds within the 
mill. Goldfish exposed for 16-21 days to final effluent (100%) from a bleached 
sulphite mill (BSM) had 11-ketotestosterone production one-tenth that of control 
fish testes. Fish exposed to individual waste streams (2-40%) had steroid produc-
tion similar to control fish. It was difficult to assess the waste streams as fish-
exposure concentrations were low due to acute toxicity. Final effluent from the 
same BSM collected in 1998 after a series of mill process changes did not aversely 
affect goldfish steroid levels. Final effluent from a bleached kraft mill (BKM) pro-
ducing photographic pulp caused significant decreases in fish gonadal steroid 
production in 21-d exposures, but changes were not as dramatic as seen at the 
BSM. The study demonstrates the use of the goldfish steroid bioassay for detect-
ing changes in effluent quality with mill process changes. 
Keywords: steroids, waste streams, final effluent, goldfish, bleached sulphite mill, 
bleached kraft mill 
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I Introduction 
The adult fish survey component of the environmental effects monitoring (EEM) 
program assesses the health of wild fish downstream of Canadian pulp mills. 
Downstream of a bleached sulphite mill in Edmundston, New Brunswick, testes 
of male yellow perch were smaller and fecundity was decreased in female fish 
compared to the reference site. Downstream of a bleached sulphite mill on the 
Ottawa River, wild fish had smaller gonads than reference fish. However, responses 
in fish could have been due to confounding influences from contaminants in the 
upper reaches of the rivers. 
Exposing laboratory fish to effluents and waste streams originating from the 
pulp mill is one way to assess cause and effect. While several reproductive param-
eters in fish can be affected by exposure to deleterious compounds, steroid hor-
mone response is a rapid and meaningful predictor of the potential for reproduc-
tive changes. The purpose of this study was to examine sex steroid levels in gold-
fish exposed to final effluent and to individual mill process/waste streams from a 
bleached sulphite mill (BSM) and a bleached kraft mill (BKM) to determine whether 
steroid hormones were altered, and to locate the area(s) within the mill responsi-
ble for the greatest response. The fish exposures were repeated after a series of 
BSM process changes, to determine whether mill improvements altered the ob-
served fish steroid responses. 
2 Methodology 
Sexually mature male goldfish (15-25 g weight, 2 reps of 8 fish) were exposed to 
2-40% waste streams or 100% final effluent for 16-21 days on site at the BSM (Fig-
ure la, as described in Parrott et al. 1999). Fish were fed every 4 days, before the 
treatment solutions were renewed. In 1998, fish exposure to BSM final effluent 
was repeated (with effluent shipped to Burlington) after mill process changes. Sam-
pling of BKM waste streams (Figure lb) was done in triplicate, and three batches 
of effluent were shipped and tested in goldfish 21-d aquaria exposures in the Bur-
lington lab. Goldfish blood samples were taken to determine levels of circulating 
sex steroids, and testes were removed and incubated in medium, to determine 
production of sex steroids in vitro. Testes production of steroids was measured 
under normal conditions (unstimulated) and under maximal production condi-
tions (stimulated by addition of human chorionic gonadotropin, HCG). Testoster-
one and 11-ketotestosterone (the active form of testosterone) were determined in 
blood plasma (pg/ml) and in testes incubation media (pg/g testes) using a radio-
immunoassay technique (McMaster et al. 1992; 1995). Non-parametric Kruskal-
Wallis ANOVA expressed treatment differences as p values for significance of treat-
ment versus control fish, using a hormone ratio: (average concentration of steroid 
in fish exposed to pulp mill waste stream)/(average concentration of steroid in 
fish exposed to River water). Ratios close to 1 indicated normal steroid levels. 
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Black Spruce and 10% Aspen. The bleaching sequence is Dc-Eop-DH, with 60% 
CO2 substitution. Production is: sulphite 500 ADT/d, paperboard 130 ADT/d and 
groundwood 230 ADT/d. Fraser papers Edmundston installed secondary treat-
ment in 1976, consisting of and aerated stabilization basin with a 5 d retention 
time, discharging 75,000 m3/d to the Saint John River. 
The Nexfor Thurso hardwood bleached kraft mill in Quebec produces 620 
ADT/d. Final effluent and process streams were sampled during production of 
photographic paper quality pulp. Effluent treatment consists of aerated stabiliza-
tion basin (which also processes the town of Thurso's municipal sewage) and a 
secondary treatment system that was added in 1996. The mill discharges 50,000 
m3/d to the Ottawa River. 
3 Results and discussion 
3.1 BSM Edmundston, New Brunswick 
There was good survival (over 13 of 16 fish) in goldfish exposed to all waste streams, 
except the 20% wood room and 30% ground wood waste streams, where 12 of 16 
fish survived, and the 20% steam plant waste stream, where only 11 of 16 fish 
survived. 
Goldfish exposed to waste streams had testicular testosterone (T) production 
(HGC-stimulated) similar to control fish (most bars on Figure 2 LEFT are close to 
a value of 1). However, goldfish exposed to 100% final effluent in 1997 showed a 
dramatic decrease (less than one-tenth that of reference fish, p < 0.001) in the HCG-
stimulated secretion of T by testes. The pattern of response was similar for testo-
sterone secretion by non-stimulated testes, and for circulating T and 11-ketotesto-
sterone (11-KT) measured in blood of fish. 
Assessment of the waste streams showed little indication where the steroid-
disrupting compounds were arising. Goldfish exposed to 30% digester effluent 
had lower concentrations of T in blood, but this effect was only marginally signif-
icant (Parrott et al. 1999). Waste stream exposure concentrations ranged from only 
2% to 40% due to toxicity, so it is possible that steroid-disrupting compounds may 
have been present but the fish exposure solutions were not concentrated enough 
for effects to be seen. Another interesting finding was the lack of response of fish 
to effluent prior to secondary treatment (Figure 2a, "lagoon IN"), compared to the 
dramatic response to effluent post-treatment (Figure 2a, "100% Final effluent 1997"). 
Following the fish exposures in June 1997, the mill made several changes to 
their processes. Included in these alterations were: 1) impregnation cycles, SO2 
charge and temperature increased in the digester; 2) increase in chlorine dioxide 
substitution from 60 to 65%; 3) reduction in solids losses from the bleachery; 
4) improved chip pile management; 5) reduction of liquor losses through improved 
spill management in the mill; 6) increased aeration in the aerated stabilization 
basins; and 7) increased chlorine dioxide generator efficiency; and 8) shut down of 
the de-inking plant. 
To assess the response of goldfish to final effluent after the process changes, 
final effluent was shipped to Burlington and goldfish were exposed under con-
trolled lab conditions. Testosterone concentrations in HCG-stimulated testes from 
goldfish exposed to 100% final effluent were similar to reference fish (Far right 
solid bar of Figure 2a). Thus, process changes and improvements in the mill oper-
ations during 1997 and 1998 reduced the potency of the final effluent for causing 
steroid depression in goldfish. It is unclear which of the process changes/mill 
upgrades were responsible for the improvement in final effluent quality. 
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Process streams - Fraser Edmundston BSM, New Brunswick 
10 % Washing/Screening 
20 % Steam Plant 2 % Bleachery 	30 % Boxboard 
% 
	 pH high 	
pow  2 /° Recovery  
pH low 	 40 %Clarifier Out 
30 %Digester 	y 	pH low 	;;; ;;, 
10 % Lagoon In 	 40 % Ash Pond 	40 %Clarifier In 
Aerated Lagoon 
10 % White water 
pH low 
100 % Lagoon Out I 	T 	I 	120 % Woodroom 
30 % Groundwd 
St. John River , .ti 
4.r 1:.uv 
Figure I a. BSM process stream locations from which effluent was obtained in June 1 99 7 for 
goldfish exposures on site. 
Process streams - Thurso BKM, Quebec 
	
Landfill Leachate 10 % 	Stripped Acid Condensate 10 % 
All Alkaline Bleachery 10 % 	Green Liquor & Ash Recov. 2.5 % 
White Water 10 % 	 Stock prep (pump 421) 10 
Digester 20 
Lime Kilns 2 
 % \ Alkaline Sewer 10
Acid Sewer 2.5 % 
Acid & Municpal (sanitized) 5 °,4j 
Municipal sewage in 
Everything before 1° 40 % 
River Water 100 
geratr n  CCDW water 100 % 	 ° 
Estradiol 1,000 ng/L 
Figure I b. BKM process stream locations from which effluent was obtained in June 1998 for 
goldfish exposures in the lab at CCIW Burlington. 
2.1 Bleached sulphite mill and bleached kraft mill process/waste 
streams 
The Fraser Edmundston bleached sulphite mill owned by Nexfor Inc. uses mag-
nesium bisulphite process. There is also a stone groundwood line and a paper-
board recycling line at the facility. The furnish is made up of 70% Balsam Fir, 20% 
Final Effluent 100 % 
After Aeration 100 % 
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3.2 BKM Thurso, Quebec 
There was good survival (over 13 out of 16 fish) in goldfish exposed to all waste 
streams and BKM effluent, except for the 10% stripped acid condensate and the 
5% acid & municipal (sanitized) sewer which had only 8-10 goldfish survive out 
of 16. 
Goldfish exposed to 100% final effluent had one-third the in vitro testicular 
11-ketotestosterone (11-KT) production of control fish (exposed to 100% river wa-
ter) (Figure 2b). Exposure of fish to certain waste streams (Digester, Stock Prep) 
lowered goldfish production of 11-KT, but concentrations were not significantly 
different (Digester p = 0.064, Stock Prep p = 0.142) compared to fish exposed to 
river water (Figure 2b). 
1997 Waste stream exposures of male Goldfish. 
Testosterone production by HCG-stimulated testes in vitro. 
m 0 2 å — 0 ö 	 ' Q)— 5Q) 
v -0° ° 3 °- o d v 	m 	o 
m 	O 7p U 	Q m L 	 N 	J C 
C7 	5 U) 
Treatment 
Figure 2a. BSM Exposures —Testosterone (fold versus control fish) production by pieces of gold-
fish testes incubated in vitro and stimulated by addition of human chorionic gonadotropin 
(HCG). 
1998 Waste stream exposures of male Goldfis 
1 1 -Ketotestosterone production by testes in vitro. 
10 
0 
d 
mm_ 	: m å U 3 	U E ö` C 	 = 
< < 0] 
J 
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Figure 2b. BKM Exposures — 11-Ketotestosterone (fold versus control fish) production by pieces 
of goldfish testes incubated in vitro. 
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On-site bioassays can be useful for testing changes in effluent quality over time, or 
with process changes. Fundulus heteroclitus, a small estuarine fish, exposed for 30 d 
to bleached kraft mill effluent (BKME) had changes in blood estradiol concentra-
tions of females and testosterone concentrations of male fish. This was accompa-
nied by decreases in gonad size of both sexes (Dube et al. 1998). Longer lifecycle 
exposures of fathead minnows to effluent have shown that BKME can affect sexu-
al development, time to first spawning, and numbers of eggs laid, as well as sex 
steroids (Robinson 1994, Borton et al. 2000). 
The advantage of the current goldfish exposures is that changes in circulat-
ing sex steroids and in testicular secretion of steroids can occur in 16-21 days. 
Previous studies with BKME have shown these reproductive parameters can re-
spond in as little as 8 days (McCarthy et al. 2000). 
4 Conclusions 
• The goldfish 16-21 day steroid test proved useful in the detection of ster-
oid-disrupting chemicals in final effluent from a bleached sulphite mill and 
a bleached kraft mill. 
• Exposures of fish to 100% 1997 BSM final effluent resulted in a 10-fold drop 
in production of steroids by fish testes. 
• BKM final effluent exposure resulted in one-third the steroid production by 
goldfish testes. 
• There appeared to be few changes in fish exposed to waste streams, but 
toxicity of the streams prevented exposures at high concentrations, and this 
may have been a factor in the low fish responses. 
• Changes in the BSM processes resulted in final effluent that had no deleteri-
ous effects on fish testes production of steroids. It is unclear which of the 
BSM process changes and upgrades were responsible for the improvement 
in final effluent quality. 
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Fathead minnow (Pimephales 
promelas) reproduction during 
multi-generation life-cycle tests with 
kraft mill effluents 
............................................... 
D. Bortom, W. Streb1ow1, T. Bousqueti and D. CookZ 
I NCASI, P. O. Box 12868, New Bern NC, 28560, USA 
2 NCASI, P.O. Box 458, Corvallis, OR 97339, USA 
Abstract 
Fathead minnow (Pimephales promelas) life-cycle bioassays were completed using 
effluents from a kraft mill with chlorine bleaching (Mill A-preconversion), the same 
mill after changing to oxygen delignification and 100% chlorine dioxide (ECF) 
bleaching (Mill A-O+ECF) and effluent from an unbleached kraft mill (Mill B). 
Exposure to Mill A-preconversion effluent caused reduced egg production in con-
centrations of 10%, 32%, 6%, and 32% v/v of effluent respectively during four 
consecutive generations. Exposure to Mill A-O+ ECF effluent caused reduced egg 
production in 50% and 12% v/v of effluent during the first two-generation test, 
but no significant reduction occurred from 0 to 100% effluent during both of the 
generations in the second two-generation test. Egg production was significantly 
reduced in 50% effluent during both generations of testing with effluent from Mill 
B, the unbleached kraft mill. Changes between generations, when found, appeared 
to be due to changes in the effluent quality, or differences in the egg production of 
the control fish rather than increasing effects over generations. The percentage of 
eggs hatching did not change over generations, and significant reductions were 
found only in 100% Mill A-O+ECF effluent during three of four life-cycle tests. 
Fouling growth in the egg-hatching chambers probably contributed to the egg 
mortality in 100% effluent. 
Keywords: fathead minnow, multi-generation, life-cycle, reproduction, pulp mill 
I Introduction 
Several investigations have reported that pulp and paper mill effluents have ad-
verse affects on fish reproduction (NCASI 1985,1996,1997,1998; Robinson 1994; 
Kovacs et al. 1996) during fathead minnow life-cycle tests. Most of these studies 
have been single life-cycles, although some have included more than one life-cy-
cle which is often recommended for environmental testing. The objectives of the 
studies reported in this paper were to (1) determine the effects of effluents from 
kraft pulp mills on the reproduction of fathead minnows (Pimephales promelas) 
during multiple life cycles, (2) to determine if modernization of a bleached kraft 
pulp reduced effects on fish reproduction and (3) compare effects of effluents from 
a bleached kraft and an unbleached kraft mill for effects on reproduction. 
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2 Methods 
Mill A was a bleached kraft mill in the Southeastern US that used approximately 
150 m3 of water/ADMT of market pulp from a furnish of 75% pines and 25% 
hardwoods. Effluent was treated for approximately 14 days in an aeration stabili-
zation basin (ASB) to achieve a 90 to 95% reduction in BOD. Effluent used for the 
Mill A-premodernized testing was from a CEHDED (C=C12 E=extraction, 
H=hypochlorite, D=C1O2) bleaching sequence. Effluent used for the Mill A-O + 
ECF testing was from an 0 +W+DE0P+W+DE D (O=oxygen delignification, 
W=Wash, E,, = extraction with oxygen and peroxide) delignification and bleach-
ing series. Additional modernization of Mill A to reduce lignin in the pulp sent to 
bleaching, such as more efficient brownstock washing, also occurred between the 
studies with Mill A-premodernized and Mill A-O+ECF effluents. Mill B was an 
unbleached kraft mill from the Southeastern US with 100% softwood as furnish. 
Water use per ton of pulp was approximately 50 m3/ADM. Effluent was treated in 
an ASB for 30d which reduced the BOD by at least 90%. Effluents from both mills 
were analyzed for several components including BOD, TSS, color, chlorinated 
phenolic compounds, resin acids and fatty acids. 
Detailed descriptions of the fathead minnow life-cycle tests are provided else-
where (NCASI 1985, 1996, 1998). Proportional solenoid valve diluters were used 
to expose fish to seven concentrations of effluent from 0 to 100% v/v. Dissolved 
oxygen in each chamber was maintained above 7 mg/l with aeration. Eggs from 
laboratory cultures were placed in chambers in each concentration until they 
hatched. Fifty of the larvae (<24 hr old) were transferred to glass grow-out cham-
bers. The larvae were fed newly hatched Artemia nauplii three times/d and frozen 
brine shrimp were added after 28d. Juveniles were individually weighed on day 
28 and day 56 of the exposure. When males began to show spawning coloration, 
one male and one female (studies with Mill A-preconversion effluent) or one male 
and two females (all other life-cycle tests) were placed in each of four spawning 
chambers separated by mesh in each aquaria. A total of four spawning groups 
(one male, and one female per group) were exposed to each concentration during 
the first two life-cycles tests with Mill A effluent, thereafter eight spawning groups 
(one male and one female for the Mill A-preconversion testing and two females 
per group for all subsequent testing) were exposed during each life-cycle test. The 
number of eggs and spawns along with mortality were recorded daily throughout 
the spawning period. The spawning continued for 12 to 15 weeks when the test 
was terminated. Several groups of eggs spawned during each life-cycle were test-
ed to determine the hatchability of eggs spawned in effluent. Fish in high concen-
trations (32%, 56%, 100%) of effluent did not produce eggs during some genera-
tions of testing with Mill A-preconversion effluent. Eggs from the highest effluent 
producing sufficient eggs were moved to the higher concentrations to allow study 
during the next generation when this occurred. Reproduction rates are reported 
as eggs/female during the studies with Mill A-preconversion effluent. During all 
subsequent testing with two females/spawning group the date of mortality was 
recorded and the reproduction rate was calculated as eggs/female/day. Egg pro-
duction data were subjected to Analysis of Variance (ANOV) and Dunnett's Test 
for significant differences (p<0.05). Fisher's exact test was used to determine sig-
nificant differences (p<0.05) in egg hatchability. 
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3 Results and discussion 
Components in the three effluents used during the multiple life-cycle tests are 
shown on Table 1. The Mill A-preconversion effluent had higher concentrations 
than the Mill A-O+ECF effluent of most of the effluent components measured in-
cluding BOD, TSS, chlorophenols, chloroguiacols, chlorocatechols, fatty acids, resins 
acids, and chlorinated resin acids. Most of these components were lowest during 
the fourth generation. As expected, chlorinated organic compounds were usually 
not detectable in the Mill A-O+ECF effluent or in the unbleached effluent. The 
unbleached effluent had the highest BOD and TSS. Resin acid concentrations were 
(with the exception of Mill A-preconversion second generation) the highest of these 
effluents and fatty acid concentrations were similar to the Mill A-preconversion 
effluent. 
Egg production was significantly reduced in 10%, 32%, 6%, and 32% v/v of 
the Mill A-preconversion effluent in the four generations of life-cycle tests respec-
tively (Table 2). Although the lowest concentration producing a significant differ-
ence from the control egg production was 6% effluent during the third generation, 
the least effects were found in the second and fourth generations. The first gener-
ation begins with eggs from the same fish in all concentrations, but the subsequent 
generations begin with eggs from different fish in each concentration and the dif-
ference in the source of eggs may add to the variability. For instance Cooney et al. 
(1989) found that the variability of the Ceriodaphnia 7-d test for reproduction was 
significantly reduced when one neonate from a similar brood was placed in each 
concentration of effluent, and this was reported for each replicate. 
Table I. Mean of effluent parameters measured during life-cycle bioassays with kraft pulp mill effluents. 
Mill A — Preconversion Mill A — O+ECF Mill 	B 
Compound or CEDED bleaching O-W-DEopW-DED bleaching Unbleached 
Parameter 	Units 	FI' F2 	F3' F4' Fl F2 Fl F2 Fl F2 
BOD 	 (mg/L) 	22 20 	21 14 I6 14 15 14 32 22 
TSS (mg/L) 	26 27 	33 15 12 10 II II 44 28 
Color 	 (mg/L) 	2061 2076 	1742 1778 651 670 540 550 365 484 
Conductivity 	(mhos/cm) 3500 1600 1620 1550 1570 1507 1452 
Phenols` (g/L) ND" ND ND ND 111 400 
Chlorphenols" 	(g/L) 	20 11 	18 9.4 ND ND ND ND ND ND 
Chlorguaiacols' 	(g/L) 	35 18 	31 21 ND ND ND ND ND ND 
Chlorcatechols' 	(g/L) 	41 39 	38 24.4 ND ND ND ND ND ND 
Chloraldehydesz 	(giL) 0.6 0.4 0.4 ND ND ND 
Aromatic acids" 	(g/L) 4.1 0.2 2.2 2.9 1.8 1.6 
Fatty acids' 	 (g/L) 	83 21I 	226 16 3.5 4.6 6.2 2.2 102 80 
Resin 	acids' 	(g/L) 	593 518 	1487 159 87.5 96.5 83.3 31.3 1385 972 
Chlorinated 	Rask 	(g/L) 	131 66 	167 64 0.5 0.5 0.5 0.5 ND ND 
' F I, F2, F3, F4, are first, second, third, and 	fourth 	generations respectively 
b not detected, detection limits are 2 (g/L or less 
` Total of 7 phenols 
Total of 7 chlorinated phenols 
Total of 9 chlorinated guaiacols 
' Total of 9 chlorinated catechols 
g Total of 9 chloraldehydes 
Total of 3 aromatic acids 
Total of 3 fatty acids 
Total of 7 resin acids 
k Total 	of 3 	chlorinated resin acids 
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Control reproduction during the third generation was substantially greater than 
control reproduction during the other three life-cycles. Although several effluent 
components were highest during the third generation (Table 1), reproduction in 
the effluent concentrations was equal to or better than reproduction in the same 
concentrations during most of the other generations. Also, the lowest control egg 
production occurred during the second and fourth generations, thus control pro-
duction after the first generation was probably a more important factor in the dif-
ferences between generations than sequential generation exposure. The percent-
age of eggs hatching in the effluent concentrations were never significantly differ-
ent from control hatches during all generational testing with Mill A-preconver-
sion effluent. Egg-production was significantly reduced at 50% and 12% v/v of 
Mill A—O+ECF effluent respectively during the first two-generation test (Table 3). 
Egg-production was not significantly reduced in any effluent concentration dur-
ing either of the second two-generation tests with this effluent. Although some 
effluent chemical components were slightly lower during the second two-genera-
tion test it is unlikely the differences between tests were caused by such small 
changes. Control egg production was highest of all control production during the 
second generation of the first two-life cycle test and this probably contributed to the 
finding of effects in lower effluent concentrations. However, egg production was lower 
than the first generation in all effluent concentrations, thus the reduced egg-produc-
tion in effluent may have been due to more than high control production. Of all of 
the tests performed only the second generation of the first two life-cycle study sug-
gests possible generational effects, and this could not be repeated during the second 
two-generation test with Mill A-O+ECF effluent. The percentage of eggs hatching 
in 100% effluent was significantly reduced from controls during three of four test. 
Growth of filamentous bacteria was sometimes observed at the higher concentra-
tions and probably contributed to egg mortality. Egg production was reduced in 50% 
effluent during both life-cycles with effluent from Mill B (Table 4.) 
Table 2. Egg Production of fathead minnows exposed to Mill A-preconversion bleached kraft mill effluent and egg 
hatchability during four generations of life-cycle bioassays 
Generation Dates Parameter Effluent Concentration (% v/v ) 
FI 10-18-79 to 0 6 10 18 32 56 100 
7-9-80 
Avg eggs/f 2136 1973 673* 391* 0* 116* 0* 
SD" (902) (548) (525) (373) (0) (0) 
% hatch 81 79 85 83 
F2' 10-14-80 to 
9-15-81 
Avg eggs/f 1547 2088 1609 1470 512* 158* 72* 
SD (1313) (1134) (1177) (638) (179) (130) 
% hatch 78 69 71 80 76 76 69 
F3' 7-23-81 	to 
5-12-82 
Avg eggs/f 3389 2175* 1163* 1359* 493* 82* 
SD (597) (1576) (873) (489) (613) 
% hatch 86 15 83 8i 78 93 
F4' 4-9-82 to 
2-10-83 
Avg eggs/f 1120 719 1542 1140 610* 502* 
SD (480) (732) (747) (951) (515) (726) (*) 
% hatch 79 82 83 79 86 85 
FI, F2, F3, F4 are first, second, third and fourth generation respectively 
" SD — Standard Deviation 
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Egg hatchability was not altered in any effluent concentration of the unbleached 
kraft mill effluent from Mill B. Taken as a whole, only the first two-generation test 
with Mill A-O+ECF effluent resulted in a possible generational effect and this was 
not found when the test was repeated. Thus, generational effects cannot be con-
cluded from these tests. The average of the Mill A - preconversion concentrations 
affecting egg production was 20% effluent, but was >66% (> because no effect was 
found at 100% in two tests) with effluent from the same mill after modernization. 
Thus effects on fish reproduction were greatly reduced after modernization. Spe-
cific chemical components causing effects, including chlorinated organic com-
pounds, cannot be determined because chemical components found in pulping 
and those in bleaching were both reduced after the changes. Both unbleached and 
bleached kraft mill effluents caused effects on fish reproduction in these tests. 
Table 3. Egg production of fathead minnows exposed to Mill A - 0 + ECF bleached kraft mill effluent and percent 
hatch during two 2 generation life-cycle bioassays. 
Generation 	Dates 	Parameter 	 Effluent Concentration (% v/v ) 
FI 	 10-15-92 to 	 0 	3 	6 	12 	24 	50 	100 
4-26-93 
F2' 	 3-17-93 to 
9-6-93 
Fl 	 11-9-93 to 
5-9-94 
F2 	 3-23-94 to 
8-17-94 
Avg eggs/f/d 42.7 49.7 46.6 50.8 46.9 26.7* 35.4 
SD" (13) (16) (10) (6) (12) (10) (9) 
% hatch 82.4 80.8 81.3 81.0 79.2 77.2 40.6* 
SD (7) (15) (8) (8) (I 	I) (13) (25) 
Avg eggs/f/d 48.6 35.6 35.4 25.2* 30.1* 23.3* 17.0* 
SD (9) (14) (15) (13) (7) (I 	I) (17) 
% hatch 78.3 83.2 78.5 78.5 71.1 80.4 52.5* 
SD (5) (9) (13) (8) (10) (I 	I) (20) 
Avg eggs/f/d 37.1 47.8 45.0 47.6 46.7 43.1 36.6 
SD (14) (I 	I) (8) (14) (12) (13) (18) 
% hatch 82.7 85.8 80.1 86.2 87.3 80.3 65.2* 
SD (I 	I) (8) (IS) (10) (6) (12) (28) 
Avg eggs/f/d 31.9 	40.2 36.1 35.8 44.5 22.7 38.0 
SD (I I) 	(14) (21) (12) (5) (8) (14) 
% hatch 80.2 	85.7 82.0 83.5 89.7 87.0 72.4 
SD (14) 	(10) (17) (10) (8) (4) (16) 
F I & F2 are the first and second generation 
SD - Standard Deviation 
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Table 4. Egg production of fathead minnows exposed to Mill B unbleached kraft mill effluent and egg hatchability dur-
ing a two generation life-cycle bioassay. 
Generation 	Dates 	Parameter 	 Effluent Concentration (% v/v) 
Fla 	 9-94 to 	0 	 3 	6 	12 	24 	50 	100 
2-95 
Avg eggs/f/d 22.8 	19.7 22.8 23.5 22.5 12.1*  14.0 
SD' (I I) 	(8) (14) (15) (10) (4) (9) 
% hatch 91.6 	87.5 86.6 81.9 92.0 81.4 85.7 
SD (3) 	(7) (5) (13) (4) (16) (7) 
F2 	 2-95 to 
8-95 
Avg eggs/f/d 31.1 	26.4 33.8 32.8 36.5 15.2* 15.4* 
SD (I I) 	(9) (10) (6) (13) (12) (6) 
% hatch 76 	75 73 81 68 61 74 
SD (16) 	(15) (17) (13) (21) (19) (IS) 
F I & F2 are the first and second generation 
6 SD - Standard Deviation 
Conclusions 
Differences in reproduction between generations were inconsistent and genera-
tional effects could not be concluded. Modernization of a bleached kraft mill sub-
stantially reduced effects on reproduction, although specific compounds respon-
sible for the effects, including chlorinated organic compounds could not be deter-
mined. Both bleached and unbleached kraft effluents reduced egg production. 
Hatchability of eggs produced in all effluent concentrations were usually similar 
to controls but may have been altered by fouling growth in 100% effluent in three 
tests. 
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Exposure of rainbow trout to pulp 
and paper mill effluent during late 
vitellogenesis 
M.R. van den Heuvel, R.J. Ellis, N.A. Marvin and T.R. Stuthridge 
New Zealand Forest Research Institute, Rotorua, New Zealand 
Pulp and paper effluent exposure has been observed to have effects on the repro-
ductive physiology of fishes. However, considerable controversy exists as to the 
causes and significance of the observed effects largely due to the difficulty in in-
terpreting field data. The issue is further confused by the tremendous improve-
ment in effluent quality that has taken place over the last decade. Medium to long-
term experiments designed to examine reproductive fitness under conditions of 
controlled energy intake may assist in more clearly elucidating the nature of po-
tential reproductive effects. This study undertook effluent exposures of 2+ aged 
rainbow trouts that were mid-way through vitellogenesis. Trout were exposed to 
a mixed secondary treated TMP/BKME effluent in 12,000 L flow-through expo-
sure tanks at a recently constructed environmental research facility in New Zea-
land. Male and female trout were exposed to either upstream river water or 10% 
effluent in upstream river water which was designed to approximate the receiv-
ing environment dilution rate. Results of the 2-month exposure indicated that trout 
survival was not significantly different between effluent exposed tanks and refer-
ence tanks. There was extensive growth during the exposure but no differences 
were found due to effluent exposure. Gonadal development was not significantly 
different between treatments. Gonad development was compared to measured 
levels of plasma sex steroid hormones and steroid hormone conjugates. These re-
sults are discussed with regards to the levels of effluent organics, including poly-
cyclic aromatic terpenes (PATs), phytosterols and resin acids present in the expo-
sure water and accumulated in the trout tissue. 
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Accumulation of ligands for the Ah 
receptor, androgen receptor, 
estrogen receptor and sex steroid 
binding protein by white sucker 
exposed to bleached kraft mill 
effluent 
Hewitt, M.1, J. Parrott', K. Wells2, K. Elliott, S. Biddiscombe2, M.McMasterl, 
K. Munkittrick1'2 and G. Van Der Kraak3 
'National Water Research Institute, Environment Canada, Burlington ON Canada 
z Department of Biology, University of New Brunswick, Fredericton NB, Canada 
3 Department of Zoology, University of Guelph, Guelph ON, Canada 
Abstract 
Male white sucker (Catostomus commersonz) from a population exposed to effluent 
from a bleached kraft mill and from a reference site were held in effluent or clean 
water for 4 d. To investigate bioavailable bioactive compounds, hepatic tissues 
were extracted and fractionated according to K0W using HPLC. Fractions were tested 
for the presence of compounds interacting with i) the Ah receptor using mixed 
function oxygenase (MFO) induction in H4IIE cells, ii) the estrogen receptor iso-
lated from rainbow trout liver, iii) the androgen receptor isolated from goldfish 
testes and iv) sex steroid binding protein isolated from goldfish plasma. PCDD/ 
DFs accounted for MFO activity of liver contaminants of log K0W >5 but multiple 
non-dioxin AhR ligands of log K0 2-5 also caused significant induction. Com-
pounds of log K0 2-5 in livers of exposed fish exhibited significant competition 
for sex steroid receptors, indicating the potential for effects on hormone signaling 
and transport. The absence of most ligands in tissues of pre-exposed fish held in 
clean water demonstrates metabolism and clearance of these compounds after re-
moval from effluent. 
Keywords: ligand, Ah receptor, estrogen receptor, androgen receptor, sex steroid 
binding protein, K0,  liver fraction 
I Introduction 
The effects of pulp mill effluent on wild fish have been well documented. The 
most consistent responses have been induction of hepatic mixed function oxygen-
ase (MFO) activity and effects on reproductive fitness that include depressions in 
circulating levels of gonadal sex steroids (Van Der Kraak et al. 1998). Elevated 
MFO activity and reproductive dysfunction in wild fish have not been eliminated 
by process changes designed to reduce BOD, acute toxicity and organochlorine 
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discharges to Canadian aquatic environments (Munkittrick et al. 1997). The chem-
icals responsible for these responses and their sources within mills using different 
pulping and treatment processes remain unknown. 
There have been several attempts to characterize compounds in final efflu-
ents that induce MFO activity. At bleached kraft mills, black liquor has demon-
strated the potential to cause MFO induction (Zacharewski et al. 1995). A system-
atic investigation of sources of MFO activity at a thermomechanical mill deter-
mined induction was related to a wood constituent, juvabione (Martel et al.1997) 
and a chlorinated stilbene has been associated with MFO activity in bleached kraft 
effluent (Burnison et al. 1999). It is important to note that in these investigations 
the total MFO activity of the effluents has not been accounted for and additional 
ligands for the AhR remain unidentified. 
There is a need to characterize the compounds associated with MFO induc-
tion and reproductive dysfunction in wild fish to evaluate the effects of future 
process modifications and effluent treatment on their release and to determine the 
mechanisms involved in their activity. Difficulties associated with bioassay-directed 
effluent fractionations of effluents (Burnison et al. 1996; Hewitt et al. 1996; Martel 
1997) include: i) fractionation experiments conducted on "grab" samples of efflu-
ent do not reflect temporal fluctuations in active chemicals, ii) toxicological poten-
cies of effluent samples were influenced by sample handling and storage condi-
tions, iii) the large amount of high molecular weight lignin material proved a sig-
nificant interference when investigating low molecular weight extractives, iv) the 
complexity of low molecular weight effluent extractives and v) uncertainties re-
garding the bioavailability of identified bioactive components. Our approach to 
address these concerns was to characterize compounds present in tissues of fish 
that have been exposed to effluent. 
2 Methodology 
2. l Fish caging experiments 
The bleached kraft mill chosen for this study is located outside of Terrace Bay ON 
Canada. Effluent from this mill has been associated with induction of MFO activ-
ity and reproductive dysfunction in white sucker since 1988 (Munkittrick et al. 
1997). At the time of fish exposures, the mill was operating at 60% CIO2 substitu-
tion for elemental chlorine on hardwood and softwood lines (hardwood DCED-
ED; softwood DCPE°pDED). Water usage approximates 100,000 m3d-1, effluent 
passes through a primary clarifier into a 375,000 m3 settling basin followed by a 
1.1 million m3 three-cell aerated stabilization basin with a hydraulic retention time 
averaging 10 d. Effluent is released into Blackbird Creek, approximately 15 km 
upstream of the mouth in Jackfish Bay, Lake Superior. 
Wild adult male white sucker from the effluent discharge area were collected 
from an uncontaminated tributary of Jackfish Lake during their spawning run in 
May 1996. Reference males were collected during the spawning run from the Lit-
tle Gravel River, 100 km west of Terrace Bay. For caging studies, 20 reference and 
20 pre-exposed fish were held for 4 d in clean water and in effluent in Blackbird 
Creek. After exposure, liver weights were measured, 1 g was subsampled for MFO 
activity and the remainder wrapped in hexane rinsed foil and frozen at -20 °C. 
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2.2 Extraction and fractionation of liver tissues 
Livers were thawed, homogenized and pooled. Homogenates soxhlet extracted 
with dichloromethane (DCM) overnight. Extracts were brought up in DCM/hex-
ane and lipids were separated on gel permeation chromatography system, fol-
lowed by preparative HPLC GPC. Lipid-free liver extracts from each exposure 
type were fractionated according to K.N, by reverse phase HPLC. A C18 column 
(Hewitt et al. 2000). 
2.3 Liver fraction MFO analyses and binding studies with fish ER, 
AR and SSBP 
Hepatic MFO activity in wild white sucker and in H4IIE assays was determined 
following established protocols (Parrott et al. 2000). Liver fractions were tested for 
their potential to interact with fish sex steroid receptors using established proto-
cols for rainbow trout hepatic ER (Tremblay and Van Der Kraak, 1999), goldfish 
testicular AR (Wells and Van Der Kraak, 2000) and goldfish plasma SSBP (Van Der 
Kraak and Biddiscombe, 1999). Liver fractions were dissolved in methanol and 
the specific binding of liver fractions was converted into hormone equivalents 
(pg/g liver). 
2.4 Analysis of PCDDIDFs and sex steroids 
PCDD/DF analysis conditions of log Kow >5 fractions by high resolution GC-MS 
are reported elsewhere (Hewitt et al. 1998). 2,3,7,8-tetraachlorodibenzo-p-dioxin 
(2378-TCDD) toxic equivalents (TEQ) of confirmed isomers were calculated using 
H4IIE toxic equivalency factors (TEFs) (Clemons et al. 1994). Radioimmunoassays 
(RIAs) were conducted on the log Kota 3-4 fractions for testosterone and 17-estradi-
ol contributions to observed binding by established protocols (McMaster et al. 
1992). 
3 Results and discussion 
Significant hepatic MFO induction was observed in both reference and pre-ex-
posed sucker held in effluent (p<0.001), and was not different (p>0.05). MFO in-
duction in caged fish demonstrates rapid accumulation of AhR ligands from efflu-
ent. Significant MFO activity was observed in H4IIE cells incubated with fractions 
of hepatic tissues (p<0.001; Figure 1). The induction with the log K0W >5 fractions 
can be attributed to PCDD/DFs. 
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Figure I. Relative MFO induction associated with liver fractions incubated with H4IIE cells. 
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Differences associated with the contributions of individual PCDD/DF con-
geners to total TEQ can be related to exposure and fish origin (Figure 2). In all fish 
pre-exposed to effluent, >80% TEQs are derived from TCDD which was not de-
tected in reference fish (<0.17 pg/g). 1,2,3,7,8-pentachlorodibenzofuran (12378-
PCDF), the only other major contributor to TEQ in pre-exposed fish, was accumu-
lated by reference fish during the 4 d caging study and accounts for nearly half of 
the TEQ of its' corresponding log Kow >5 fraction. 
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Figure 2. PCDDIDF composition of log K ota >5 fractions of liver tissues. 
Significant MFO induction associated with compounds of log Kow 2-5 present in 
livers of reference and pre-exposed fish held in effluent (Figure 1) indicating rapid 
accumulation of multiple non-dioxin AhR ligands from effluent. The lack of in-
duction in the same fractions of pre-exposed fish held in clean water indicates that 
these materials were metabolized after removal from effluent. 
Elevated binding to rainbow trout hepatic ER was caused by components 
with log Ko „ 2-5 present in livers of reference fish held in effluent (Figure 3). The 
same fractions of pre-exposed fish held in effluent did not bind to the ER, which 
was also the case for pre-exposed fish held in clean water. This indicates that pre-
exposed fish metabolize these ER ligands at rates uptake rates. Endogenous 17-
estradiol was not detected (<12.6 pg/g) by RIA in the log Kow 3-4 fractions except 
for reference fish caged in effluent; this amount likely represents cross-reaction of 
antibody with compounds present in tissues after exposure. 
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Figure 3. Relative binding of liver fractions to rainbow trout hepatic ER. 
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Significant binding to goldfish testicular AR was caused by components 
present in hepatic tissues of all fish held in effluent and spanned a broad range of 
Kow (Figure 4). Most binding to the AR was from compounds of log Kow 2-5 but 
reference fish held in effluent also contained compounds with log Kow >5 that ex-
hibited significant binding. Metabolism of AR ligands is demonstrated by the fact 
that fractions of pre-exposed fish held in clean water showed no affinity for the 
AR. Endogenous testosterone detected by RIA accounted for the androgenic activ-
ity in the log Kow 3-4 fractions except for reference fish exposed to effluent where 
additional ligands were present. 
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Figure 4. Relative binding of liver fractions to goldfish testicular AR. 
 
To investigate whether compounds accumulated from effluent could affect the 
transport of hormones on carrier proteins, liver fractions were assessed for their 
potential to interact with goldfish SSBP. Relative to reference, significant binding 
to SSBP was associated with components with log Kow 2 to 4 present in tissues of 
all fish held in effluent (Figure 5). In contrast, no significant binding was observed 
in all fractions of pre-exposed fish held in clean water, indicating that materials 
interacting with SSBP are accumulated rapidly from effluent and are also metabo-
lized rapidly by pre-exposed fish. 
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Figure 5. Relative binding of liver fractions to goldfish plasma SSBP. 
The Finnish Environment 417 
 
4 Conclusions 
1 	Ligands for AhR, ER, AR and SSBP are present in fish after short-term 
waterborne exposure to bleached kraft mill effluent. 
2 	Ligands with log K0W <5 are rapidly metabolized by pre-exposed fish. 
3 PCDD/DFs account for log K0 >5 MFO induction in exposed fish. 
4 	Multiple non-dioxin AhR ligands also cause significant induction and are 
metabolized rapidly after transfer to clean water. 
5 	Historical exposure may influence the metabolic rates of some ligands. 
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Abstract 
The properties of biologically treated pulp and paper mill effluent nitrogen were 
studied by means of fractionation, long-term aging, analysis of different forms of 
nitrogen, and algal growth potential tests. The nutritional effects of effluents were 
tested by adding different amounts of nutrient and effluent to fresh and brackish 
water during the growth season. Algal growth in test units was indicated by meas-
urement of chlorophyll a. 
Aging of different fractions of effluent in the dark showed that in 6 weeks up 
to 50% of the total nitrogen content (no inorganic N at start) of the effluent was 
converted into soluble inorganic form and was available for algal growth. About 
50% of the nitrogen in suspended solids was mineralized as well. It was also found 
that the complexing agent EDTA was biologically degraded almost totally during 
the aging period. The non-mineralized N fraction in the aged effluents was not 
bioavailable in algal growth tests. 
Effluent additions to lake and brackish water showed that during a five-day 
period only the originally dissolved inorganic nutrients in effluents were availa-
ble for algal growth. This indicated that eutrophication of a discharge area can be 
controlled by controlling the inorganic nutrients in effluents with special attention 
given to the limiting nutrient of the recipient. 
Keywords: nitrogen, phosphorus, eutrophication, limiting nutrient, pulp mill efflu-
ent, paper mill effluent 
I Introduction 
Eutrophication caused by nutrient loading from diffuse and point sources has be-
come an issue of concern in the Baltic Sea and Finnish inland waters. In Finnish 
water protection policy, priority has been given to the reduction of nitrogen load-
ing in addition to phosphorus limitation, which has been started earlier. 
One of the point sources discharging nutrients into receiving waters is the 
pulp and paper industry. The bioavailability of pulp and paper mill effluent phos-
phorus has been studied earlier (Priha 1994), but the availability of effluent nitro-
gen is not known. Allthough nutrient limitation in receiving waters has been both 
evaluated according to N:P ratios and tested experimentally by adding nutrients 
to lake water (Pietiläinen 1998), the role of effluent nutrients in recipients is not 
clear. The objective of this study was to characterize pulp and paper mill effluent 
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nitrogen with respect to its eutrophication potential. The availability of effluent 
nitrogen and phosphorus for algal growth under recipient-like conditions was also 
studied in order to evaluate the benefits of nutrient removal in different types of 
discharge areas. 
2 Methodology 
2.1 Bioavailability tests of effluent nitrogen 
Biologically treated whole mill effluent of a modern integrated pulp and paper 
mill was sampled for the study. The effluent was divided into subsamples and 
treated for analysis and tests immediately after sampling. The samples were stored 
at +4 °C or -20 °C. The soluble fractions of the effluent were isolated by filtration 
(Whatman GF/A and Gelman IC/Acrodisc 0.45 µm). Simultaneously with the ef-
fluent sample, a sample from the aeration basin of the treatment plant was taken 
in order to obtain substantial amount of suspended solids (SS) from the effluent. It 
was assumed that the composition of SS in the treated effluent, allthough in small-
er concentration, would be similar to that in the aeration basin. SS from the aera-
tion basin was concentrated 1:15 by centrifugation, and the concentrate was used 
for the tests. 
The whole mill effluent, the filtered effluents and the sludge were aged for 6 
weeks (sampling times after 1, 3 and 6 weeks of aging) to study the changes in the 
forms of effluent nitrogen. Aging took place in an incubator-shaker (20±1 °C, con-
tinuous shaking, free gas exchange, in dark). The effluent samples were aged with-
out any treatment, and the sludge sample (6 g/l ww) was dispensed in a mineral 
salt solution containing no N and P salts. All chemical analyses were conducted 
according to internationally standardized methods. 
To test the algal growth potential, the effluent and sludge samples after dif-
ferent treatments were used as the only source of nitrogen for algae, all other nu-
trients being supplied in adequate amounts (algal growth tests according to ISO 
8692:1989 with modified nutrient solution without any N salts). The test principle 
was that if the effluent samples contained no N suitable for algal growth, no growth 
would occur. 
2.2 Tests for limiting nutrients in recipient water 
Surface water (composite samples from surface to 2 * Secchi depth) was collected 
5-6 times during the growth season from a brackish water recipient (Gulf of Both-
nia, 61°1652"N, 21°2616"E) and from a lake recipient (southern Lake Päijänne, 
61°1745N, 25°3134"E). The water was filtered through 150 µm nylon mesh im-
mediately after sampling and transported to the laboratory in containers kept in 
styrox boxes to maintain the temperature. 
Biologically treated effluent from a bleached kraft pulp mill (Effluent 1) and 
an integrated bleached kraft pulp and paper mill (Effluent 2) were collected for 
nutrient addition tests. The effluents were not treated in any way for tests and 
were stored in +4 °C. Their nutrient concentrations were determined fresh and 
again before each addition test. All chemical analyses were conducted according 
to internationally standardized methods. 
The nutrients (NH4 N and PO4-P) and the effluents were added to the recipi-
ent water (2 1/test vessel) in all combinations so that each test series contained 8 
addition types (one with no additions), each with two parallel test vessels. The 
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pure nutrients were added as ammonium chloride (200 tg N/1) and potassium 
dihydrogen phosphate (20 tg P/1). The volume of effluent added was adjusted so 
that the TotN addition from the effluent was 200 µg N/1. 
The test solutions were incubated in a growth cabinet at the original temper-
ature of the surface water during sampling (+11 to +23 °C and at +10 °C if the 
original temperature was lower), using periodic illumination of 4500 lux, the light 
period lasting from sunrise to sunset at the time. The total growth time was 5 d 
and the test solutions were sampled 3-4 times for algal growth measurements by 
chlorophyll a analysis (spectrofluorometric method). 
3 Results and discussion 
3.1 Bioavailability of effluent nitrogen for algal growth 
The total nitrogen (TotN 3.94 mg/1) and total phosphorus (Tote 0.56 mg/1) levels 
of the effluent were about average for this type of mill. The effluent originally 
contained only about 20 tg/l inorganic nitrogen (InorgN, sum of nitrate, nitrite 
and ammonium N). Soluble nitrogen (DissN) accounted for about 60% of TotN 
and complexing agent nitrogen (mainly from EDTA, ethylenediaminetetraacetic 
acid) for about 30%. 
The TotN present in the original effluent was not readily available for algal 
growth (effluent addition did not produce any growth in N-deficient nutrient 
medium). After aging for 6 weeks at 20 °C, about half of the TotN present in the 
effluent was converted to InorgN (Fig. 1a). Separate aging of DissN resulted in 
about 30% being converted to InorgN (Fig. 1b). About 50% of N in suspended 
solids was also mineralized to InorgN (Fig. 1d). The mineralization to InorgN 
seemed to be biological: no mineralization occured in the effluent that had been 
filtered with 0.45 tm membrane, a process removing most of the microorganisms 
(Fig. 1c). 
The complexing agents (mainly EDTA) present in the effluent decomposed 
almost completely in the dark during six weeks (from 13 mg/l to 0.09 mg/1). Some, 
at least, of the EDTA-N was converted to InorgN. This happened in darkened test 
vessels containing total effluent, which indicates microbial decomposition, con-
trary to many earlier studies showing rapid light-induced primary degradation of 
EDTA, but minor biological degradation (Sillanpää 1997). In this study EDTA was 
not determined in the 0.45 µm filtered effluent, and hence the microbial degrada-
tion could not be verified. 
The algal growth accomplished by nitrogen in the aged effluent samples, when 
effluent was the only N source in the growth tests, is shown in Fig. la-d. The growth 
was directly proportional to the content of InorgN in the samples. The concentra-
tion of "GrowthN" shown in Fig. 1 was calculated from algal growth values ob-
tained in the growth tests by an empirical regression equation tested between al-
gal growth and nitrogen concentration (NH4 N) when all other nutrients were 
present in excess. The calculated "GrowthN" concentration was in all cases some-
what higher than the concentration of InorgN and even higher than DissN, which 
may suggest the presence of some stimulative components in the effluent. 
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3.2 Effect of e f fluent nutrients in receiving waters 
Both original recipients were oligotrophic throughout the growth season: the chlo-
rophyll a concentration in lake water varied from 1.8 to 2.3 tg/l and in brackish 
water from 1.1 to 2.6 tg/1. According to TotN:TotP ratio (Forsberg et al. 1978), the 
lake recipient was always P-limited and the brackish water recipient was N and P-
limited or slightly P-limited. 
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Figure 1. Nitrogen fractions of the aged effluent samples and algal growth initiated by effluent 
nitrogen. "Growth N" = the bioavailable nitrogen calculated from algal growth. 
Effluent 1 was rich in PO4 P (150 tg/l) but poor in InorgN (20 tg/l), whereas 
Effluent 2 was the opposite: no detectable PO4 P but NH4 N was originally 440 
tg/l, the level slowly increasing during storage. When the effluent additions to 
the growth test were adjusted according to TotN (addition 200 tg N/l, 6-11% in 
volume) the addition of PO4-P with Effluent 1 was about 8-9 tg/l and none with 
Effluent 2. Correspondingly the addition of InorgN was < 10 tg/l with Effluent 1 
and 40-100 tg/l with Effluent 2. 
The effect on algal growth of different nutrient and effluent additions is shown 
in Fig. 2. The "growth response" is the difference between the maximum chloro-
phyll a concentration obtained in each addition test and in the corresponding con-
trol test without additions, expressed as a percentage of the chlorophyll a concen-
tration in the control test. The results from different times of the growth season are 
not quantitatively comparable because of differences in growth temperatures and 
light/dark cycles. 
The nutrient additions to lake water clearly indicated strict P-limitation (Fig. 
2a). Addition of Effluent 1, which was rich in PO4 P also increased algal growth 
(Fig. 2b), but addition of Effluent 2, which was low in PO4-P, did not alone produce 
any growth despite the addition of TotP (about 10 tg/l) with the effluent (Fig. 2c). 
The nutrient additions to brackish water verified the simultaneous P and N-limi-
tation: neither of the nutrients alone increased algal growth (Fig. 2d). The same 
was shown with the effluent additions: as Effluent 1 contained no InorgN and 
Effluent 2 contained no PO4-P, neither of them alone increased algal growth (Figs. 
2e and 2f). Instead, effluent additions with the missing nutrient showed clear growth 
responses. All effluent additions also showed that only inorganic nutrients were 
readily available for algal growth during the 5-day incubation period. 
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Figure 2. Chlorophyll a response (ratio of max-chlorophyll in test unit to max-chlorophyll in con-
trol,%) after different nutrient and effluent additions to lake and brackish water. 
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4 Conclusions 
Some of the total nitrogen in biologically treated pulp and paper mill effluent can 
be slowly mineralized into bioavailable form under favourable degradation con-
ditions. During the six-week period, about 50% of total nitrogen was degraded 
into inorganic forms. Mineralization would probably be less efficient in recipient 
waters with lower temperatures and high dilution of adapted microbes. The chang-
es in the bioavailability of effluent nitrogen could be clearly demonstrated using 
modified algal growth tests. 
The nutritional effects of effluents on recipient waters can be clearly demon-
strated with algal growth tests using a natural algae population. Only the inor-
ganic fraction of biologically treated pulp and paper mill effluent N and P is read-
ily available for algae growth, and this is therefore the fraction that affects the 
eutrophication of discharge areas near the mills. The behaviour of the rest of the 
total nutrients is not known: will they mineralize or settle into the bottom sedi-
ment and in what time and spatial scales? 
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Abstract 
Previous results from our laboratories have indicated altered endocrine parame-
ters for largemouth bass at the St. John's River — Rice Creek confluence. These 
alterations may be related to local exposure to chemical components within pa-
permill effluents. Therefore, a multi-site study was conducted on Rice Creek and 
several mainstream and tributary sites throughout the lower St. John's River ba-
sin. Seven collection sites within the St. John's River mainstream with differing 
contaminant profiles were utilized for this survey. Three collection sites within the 
Rice Creek drainage basin were also utilized. Largemouth bass (10 male and 10 
female) were collected from each site during the reproductive season. Fish were 
weighed, measured, blood collected, and each animal sacrificed for a full health 
assessment. The following parameters were used to evaluate reproductive effects: 
sex steroid/hormone concentrations, vitellogenin, gonadosomatic indices (GSI), 
gonad histology, and size/number of eggs in females. General health was assessed 
using several blood parameters, complete necropsies, organosomatic indices, or-
gan histology, and liver EROD activity. Reproductive and health assessments in-
dicated significant differences between sites. Significant alterations in endocrine 
parameters were observed at several sites. Plasma sex steroids, gonadal weights 
and GSI were depressed for largemouth within Rice Creek as compared to other 
streams in the same drainage basin. These results indicate endocrine related anom-
alies in largemouth bass exposed to papermill effluents and other environmental 
contaminants within the lower St. Johns River basin. uring early1999, additional 
field reconnaissance and treatment efforts were designed to examine effects rela-
tive to concentrations of three resin acids: abietic acid, dehydroabietic acid, and 
isopimaric acid in selected tissues of largemouth bass and the paper mill effluent 
to which they were exposed. Fish were exposed to 0%, 10%, 20%, 40%, and 80% 
effluent for 56 days or to natural dilutions in the field sites. Effluent/water sam-
ples were analyzed by GC/MS to determine concentrations of resin acids and to 
assess the performance of the test system. . Five male and five female bass per 
treatment and site were collected and analyzed for resin acids. Bile and plasma 
were analyzed to determine the ratio of resin acids in each fraction. Filet, gonadal, 
and liver tissues were also analyzed in selected fish to determine anatomical dis-
tributions and concentrations of resin acid body burdens. These data indicate dose 
0.............................................. The  Finnish Environment 417 
dependent resin acid concentrations for effluent dilutions and enable correlative 
analyses of resin acids to the dose-dependent responses in reproductive biomark-
ers and reproductive success of largemouth bass exposed to papermill effluents. 
I Introduction 
Over the past decade, several Canadian and Scandinavian studies have focused 
on the effects of bleached kraft pulp mill effluent (BKME) on different biochemical 
and physiological parameters of fish. Presently, the most meaningful responses 
observed have been related to altered reproductive function. The main objective 
of this study was to measure several biomarkers from reproductively active large-
mouth bass (Micropterus salmoides) collected from different sites along the St. 
John's River, and to relate the response in these biomarkers to environmental ex-
posure of bass to paper mill effluents. Specifically, the objective was to compare 
these biomarkers between sites located both down and upstream from Georgia-
Pacific paper mill in Palatka, Florida. 
2 Methodology 
One hundred and fourteen bass (53 males and 61 females) were collected by elec-
troshocking from six sites along the St. John's River, Florida during early March 
1998 (spawning season). Fish exposed to paper mill effluent were sampled from 
Rice Creek (a tributary from the St. John's River and site in which Georgia-Pacific 
first discharges its effluents) and Rice Creek Palatka (mainstream site, where Rice 
Creek discharges into the St. John's River). Fish from Rice Creek (tributary impact-
ed site) were compared to tributaries Cedar Creek and Etoniah (tributary refer-
ence sites) located at about 15 km downstream from the mill. Fish from Rice Creek 
Palatka (mainstream impacted site) were compared to mainstream sites Welaka 
and Dunn's Creek (mainstream reference sites) located at approximately 15 km 
upstream from the mill. Endpoints measured included hepatic 7-ethoxyresorufin 
O-deethylase (EROD) activity, gonadosomatic indices, 17 3-estradiol, 11-ketotes-
tosterone, vitellogenin, and number and size of mature eggs in females. All fish 
were aged through otolith examination, and age was used as a covariable in all 
statistical comparisons. 
Effluent Characteristics: The effluent tested in this study comes from a paper 
mill that has two bleached (40% product) and one unbleached line (60% product), 
which together release an estimated 36 million gallons of effluent/day. The bleach-
ing sequences for the bleach line are CEHD and C90d10EopHDp. The bleaching 
lines manufacture paper towels and tissue paper, whereas the unbleached line 
produces mainly kraft bag and linerboard. The wood furnish of this mill consists 
typically of 50% softwood (slash, sand, loblolly) and 50% hardwood (gums, tupe-
lo, magnolia, and water oaks) species. Effluents receive secondary treatment, which 
consist of both anaerobic followed by aerobic biological degradation after a reten-
tion period of 40 days. 
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3 Results 
EROD activity was significantly induced in females from Rice Creek (impacted 
tributary site) when compared to females from reference tributary sites (Cedar 
Creek and Etoniah), but there was no difference in EROD activity in females from 
mainstream sites (Figure 1a). In males, there was no pattern of EROD induction in 
either tributary or mainstream impacted sites in relation to their references (Fig-
ure 1b). 
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Figure 1. Mean ± EROD activity in female (a) and male (b) largemouth bass sampled along 
the St. John's River during the spawning season (March) of 1998. Fish were collected from Trib-
utaries (white bars) or Mainstream Sites (gray bars). Numbers inside histograms indicate sam-
ple sizes (n). Within each type of stream, asterisks indicate differences in relation to reference 
sites (ANCOVA, Dunnett's). 
Both hormones (11-ketotestosterone and 17(3-estradiol) were decreased in females 
from impacted tributary and mainstream sites in relation to reference sites (Fig-
ures 2a & 2b). Vitellogenin, however, was decreased only in females from impact-
ed tributary site (Figure 2 c). For tributaries and mainstream sites, gonadosomatic 
index and mean egg size did not differ between impacted and reference sites (Fig-
ures 3a and 3b). However, females from the impacted mainstream site produced 
more eggs when compared to reference sites (Figure 3c). There were fewer differ-
ences on reproductive parameters among sites for males. Males from impacted 
sites had lower concentrations of 11-ketotestosterone when compared to males 
from reference sites (Figure 4a). The concentration of 17 (3-estradiol and vitello-
genin was not affected by site of collection (Figures 4b and 4c). In addition, there 
were no differences across sites on male gonadosomatic indices (data not sown). 
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Figure 2. Mean ± SEM I 1-ketotestosterone, 17 /.-estradiol, and vitellogenin concentrations in 
female largemouth bass sampled along the St. John's River during the spawning season 
(March) of 1998. Fish were collected from ributaries (white bars) or Mainstream Sites (gray 
bars). Numbers inside histograms indicate sample sizes (n). Within each type of stream, aster-
isks indicate differences in relation to reference sites (ANCOVA, Dunnett's multiple comparison 
test; 
p = 0.05). 
Figure 3. Mean ± SEM gonadosomatic index, egg size, and fecundity in female largemouth bass 
sampled along the St John's River during the spawning season (March) of 1998. Fish were col-
lected from Tributaries (white bars) or Mainstream Sites (gray bars). Numbers inside histo-
grams indicate sample sizes (n). Within each type of stream, asterisks indicate differences in re-
lation to reference sites (ANCOVA, Dunnett's multiple comparison test; (= 0.05). 
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Figure 4. Mean ± SEM I 1-ketotestosterone, 17 /3-estradiol, and vitellogenin concentrations in 
male largemouth bass sampled along the St John's River during the spawning season (March) 
of 1998. Fish were collected from Tributaries (white bars) or Mainstream Sites (gray bars). 
Numbers inside histograms indicate sample sizes (n). Within each type of stream, asterisks indi-
cate differences in relation to reference sites (ANCOVA, Dunnett's multiple comparison test; ( 
0.05). 
Conclusions 
Changes in EROD activity have been commonly used in several fish species as a 
biomarker of exposure to paper mill effluents. In the present study, EROD activity 
was induced in females from impacted tributary site when compared to other sites 
(about a 6-fold increase). Although EROD activity appeared higher in males sam-
pled from impacted sites (average of 9.1 pmol/mg/min) when compared to males 
from reference sites (average of 5.4 pmol/mg/min), these differences were not 
statistically significant. The induction of EROD activity in females from the im-
pacted tributary site would suggest exposure to paper mill effluents. In the present 
study, several reproductive parameters were affected in bass exposed to environ-
mental concentrations of paper mill effluent. Largemouth collected from sites re-
ceiving paper mill effluents had lower concentrations of sex hormones (between a 
37 to 64% reduction in 17 13-estradiol and 11-ketotestosterone) and vitellogenin 
when compared to fish from reference sites. These hormonal changes, however, 
were not accompanied with decreases in gonadosomatic indices, and number and 
size of eggs produced. These results suggest that variations in gonad weight may 
be more related to variations in local environmental conditions than to exposure 
to effluents. A rather unexpected finding in this study was that females from the 
impacted mainstream site had ovaries that contained more eggs in comparison to 
females from reference sites. These eggs were also larger, but only when com-
pared to fish from the impacted tributary site. Females from the impacted main-
stream site also had larger gonads (4% body weight vs. 3% in females from refer-
ence sites), although these differences were not statistically significant. These re-
sults occurred despite the fact that these females had less than half the concentra-
tions of 17 (3-estradiol in relation to females from the reference sites (611 vs. 1513 
pg/ml). 
In general these results are in agreement with several Canadian and Scandi-
navian studies which have focused on the effects of BKME on different biochemi-
cal and physiological parameters of fish. The most meaningful responses observed 
C..............................................The  Finnish Environment 417 
in these studies have been related to altered reproductive function. Specifically, 
fish exposed to BKME had lower circulating levels of reproductive hormones (tes-
tosterone, 11-ketotestosterone, and 17(-estradiol), reduced gonadal growth, in-
creased age to sexual maturation, smaller eggs, and reduced expression of second-
ary sexual characteristics when compared to fish from reference sites (Andersson 
et al. 1988; Larsson et al. 1988; Sandström et al. 1988; McMaster et al. 1991; Munkit-
trick et al. 1991, 1994). 
In conclusion, the results from our field study suggest that decreased hor-
mone levels in response to paper mill effluent exposure can not always be associ-
ated with obvious reproductive impairment, such as reduction in gonad weight 
and fecundity. It is clear then that additional studies are needed to further evalu-
ate the potential effects of paper mill effluent exposure on the endocrine system of 
largemouth bass. 
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Abstract 
We have monitored impacts on fish reproduction at a series of Canadian pulp 
mills, including a large bleached kraft pulp mill at Jackfish Bay on Lake Superior 
(1988-1999), as well as a series of pulp mills in the Moose River basin (1991-1999), 
and the Ottawa River (1996-1999). The Moose River mills were followed during 
process changes and the installation of waste treatment; they included a bleached 
kraft mill, and two mills that switched processes to thermomechanical pulping 
during the course of these studies. The detailed studies showed improved fish 
performance over time, and it was possible to demonstrate the correlation of some 
improvements with installation of waste treatment and process changes. There 
has not been complete recovery at any site, and reduced gonadal sizes are still 
evident at some sites. The site at Jackfish Bay still shows some responses, but im-
provements have been dramatic. The Moose River pulp mill sites were compared 
to a series of 26 reference site collections at 13 reference sites within the basin. It 
was possible to provide an indication of the ecological relevance of the changes 
downstream of the mills based on these collections. The key findings are that a) 
changes in gonad size, liver size and condition factor can be ecologically relevant 
at some sites, b) process changes have a larger impact on reproductive perform-
ance than installation of secondary treatment, c) some reproductive impacts per-
sist at some mills after modernization and waste treatment, d) secondary treat-
ment is very effective at reducing liver sizes and can improve condition of the fish, 
and e) undeveloped sites with fish showing poor performance can be found in 
other rivers, but upstream and downstream comparisons are essential to under-
standing the local relevance of changes. The impact of effluents may not always be 
negative in systems with low productivity. In multiple discharge environments, it 
is essential to identify the integrated response of the fish, and the performance of 
individual fish is crucial for identifying the response pattern and the factors limit-
ing performance at that site. 
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Introduction 
Among multi-stakeholder groups, it is difficult to get consensus on definitions of 
effect, adverse, impact or damage. After 12 years of studies conducted on the po-
tential impacts of pulp mill effluents at Jackfish Bay, Lake Superior (Munkittrick et 
al., 2000a), there is no consensus on whether impacts exist. Jackfish Bay is an iso-
lated bay on Lake Superior receiving effluent from a large pulp mill (see McMas-
ter et al., 1991). Studies have documented delayed sexual maturity, reduced go-
nadal size, altered secondary sexual characteristics and altered physiology of fish 
(reviewed in Munkittrick et al., 1997, 1998). Recent data shows that the spring 
prespawning differences in female gonadal size continue to persist (Figure 1), al-
though gonadal size during the fall, and secondary sexual characteristics have 
shown considerable improvement (Munkittrick et al., 1998). Furthermore, the fish 
community in Jackfish Bay is intact and consistent improvements in the popula-
tions have been seen as the mill has undergone process and waste treatment mod-
ifications. 
There is considerable controversy as to whether responses such as delayed 
maturity and altered gonadal sizes represent "impacts". There are also concerns 
that the reference sites may not be valid, and that there may be year-to-year and 
site-to-site variability that can explain the changes (Kovacs et al., 1997). Alternate 
interpretation of the changes include that (reviewed in Munkittrick and Sandström, 
2000): 
a) biochemical differences would have to be persistent year round and under 
all conditions to be important, and must be linked to higher levels of organ-
ization to be useful 
b) organismal and suborganismal changes which do not impact the popula-
tion and community level are not ecologically relevant 
c) population level changes which do not impact abundance are not impor-
tant , and 
d) abundance changes are not important if populations do not become rare or 
extirpated. 
Figure 1. Prespawning relative gonad weights for female white sucker at Jackfish Bay collected 
during primary (88/89) and secondary waste treatment. Open bars represent reference sites, 
while black bars represent data collected during the period of primary effluent treatment, and 
shaded bars represent data collected during secondary waste treatment. 
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These concerns are related to how stakeholders interpret differences. While these 
issues have been identified for a long time, the science of impact assessment has 
not made a lot of progress in dealing with them. In general, there has been a reluc-
tance to conclude that there has been an impact because of the perception that it 
will trigger the need for some further response, either in terms of further studies 
or in terms of some process change (Munkittrick and Sandström, 2000). 
A series of studies were conducted to try and address some of these issues. 
The collections were conducted in the Moose River basin, Northern Ontario, be-
tween 1991 and 1998, as two pulp mills modernized their processes. Both mills 
were co-located with hydroelectric facilities that prevented upstream movement 
of fish. 
Moose River Basin studies 
The Moose River studies examined fish at 20 different sites, through a series of 50 
different fish collections on 6 different tributaries within the Moose River basin. 
The study design involved three main components: 
a) due to the geographic distribution of tributaries, the first phase looked at 
longitudinal variability between sites on adjacent tributaries, upstream of 
the major developments; 
b) the existence of an undeveloped system on the Missinaibi allowed exami-
nation of the latitudinal variability within a site as distance downstream 
progressed; 
c) the multi-year nature of the study allowed examination of both the season-
al and annual variability in responses. 
The studies included focused studies near the pulp mills located at Kapuskasing 
and Smooth Rock Falls during their modernization. The TMP mill at Kapuskasing 
began operations in 1909 utilizing black spruce (Picea marlana; 98%) as the major 
wood furnish in addition to small amounts of balsam fir (Abies balsamea) (Farwell, 
2000). The mill produces 1050 t/d of newsprint, 225 t/d of recycled pulp, and has 
undergone a number of process and treatment changes since 1991, including a 
conversion to 100% TMP processing. Improvements to effluent discharge includ-
ed the rerouting of digester condensates (1993) from the sewer and rerouting the 
ash sewer to the primary clarifier (April, 1996). Secondary treatment of effluent 
via activated sludge, began in April of 1995. 
The mill at Smooth Rock Falls on the Mattagami underwent extensive modi-
fications between 1991 and 1998 (Farwell, 2000). This mill was built in 1918 and 
initially operated as an unbleached kraft mill until 1927 when it was converted to 
a bleached kraft mill. The mill utilizes 65% black spruce and 35% jackpine (Pinus 
banksianu) in the form of wood chips. Changes since 1991 included conversion to 
100% C102 substitution, increasing the capacity to 170,000 tonnes/year (465t/d) 
using continuous flow digestion, the addition of oxygen delignification, and com-
pletion of an aeration stabilization basin with a 7.5 day retention time. In addition, 
increased recovery of black liquor resulted in BOD reduction. 
White sucker were collected during the fall upstream and downstream of 
Kapsukasing in 1991, 93,94,95 and 96, and Smooth Rock Falls in 1991, and annual-
ly from 1993-98. More details on the studies can be found in Munkittrick et al. 
(2000b). 
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Ecological relevance of changes 
Although statistically significant variability in fish performance exists between sites 
and among years, the ecological relevance of changes is an issue of debate. There 
are three common approaches to assessing whether changes are ecologically rele-
vant (reviewed in Munkittrick et al., 2000b): 
a) Changes are more than two standard deviations ( 2 SD) from the reference 
condition 
b) Changes are outside the range of normal variability (maximum and mini-
mum reference condition) 
c) Changes are outside a predefined maximum tolerable difference (i.e., 25% 
for gonad size). 
The data examinations for impacts of stressors utilized an upstream reference site 
as the basis for comparison. For interpretation of "basin-wide" ecologically rele-
vant changes, the reference data used for calculating a critical effect size are from 
the 1994 reference sites situated upstream of developments. For female gonad 
weight in fall collections (GSI= gonad as % body weight), the range of "normal" 
values for gonad size would be: 
a) based on an effect size of (2 SD: the pooled mean and standard deviation 
for the 1994 reference sites is 6.06 ( 0.83 for female GSI, and the range of two 
standard deviations would encompass a range of fall GSIs of 4.40 to 7.72 
b) over the period of sampling, the maximum range of average values for the 
Missinaibi upstream site, the Kapuskasing (Woman Falls) and Mattagami 
(upstream) reference sites was from 3.93 to 6.05. 
c) a range of 25% difference in GSI from the 1994 pooled GSI for the reference 
sites (6.06) would have a range of 4.55 to 7.57. 
Two standard deviations and the 25% difference from the reference level gave very 
comparable answers. The maximum range of values was lower. If we examine the 
data based on standard deviations or a 25% difference, sites with reduced gonadal 
size include reference sites (Missinaibi River at Mattice and at Thunderhouse Falls), 
several of the Kapuskasing River sites, Whist Falls on the Groundhog River, the 
downstream site at Smooth Rock Falls, as well as the Harmon headpond and Ki-
pling sites on the Mattagami River, and the site downstream of Iroquois Falls on 
the Abitibi River. 
If we consider the maximum range of reference values to represent ecological 
relevance, sites that are smaller include a reference site (Missinaibi River at Thun-
derhouse Falls), and sites downstream of the Smooth Rock Falls mill (1995, 1996). 
Larger gonads were seen in an upstream reservoir (Frederickhouse Lake) and up-
stream of the Smooth Rock Falls mill (Figure 2). Similar analyses were conducted 
for other measured parameters, and ecologically relevant differences were detect-
ed at undeveloped reference sites, and downstream of some developed sites with-
in the basin (Munkittrick et al., 2000b). 
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Figure 2. Relative gonad weights (% body weight) for female white sucker collected during the 
September from I99I to 1998. Open bars represent reference collections, black bars repre-
sent samples downstream of pulp mills (and associated hydroelectric facilities), and shaded 
bars represent samples collected downstream of hydroelectric facilities.The solid line represents 
+/- 2 standard deviations of the gonadal sizes collected at four reference sites during the fall of 
1994. 
Data interpretation 
Improvements have been seen near a number of mills that have been studied as 
those mills have modernized (Munkittrick et al., 1998). The inability to obtain con-
sensus on whether ecologically relevant changes exist, or existed, downstream of 
pulp mills has challenged impact assessment. There is doubt as to whether the 
changes seen at Jackfish Bay or Smooth Rock Falls require mitigation. However, 
there is no doubt that these changes, regardless of their origin, should raise con-
cerns about the ability of these systems to assimilative additional stress should 
development demands be placed on the areas in the future. The role of science 
must be limited to defining the existence of changes, the magnitude and extent of 
changes, and the trends of changes over time. 
Management decisions about how to deal with the impacts in these systems 
do not need to directly involve questions related to the ecological relevance of the 
existing impacts, or the relationship of these changes to natural variability. The 
priority has to be to ensure that populations and communities are preserved with-
in a discharge or development area. Although data on relevance and variability 
are needed to make decisions, the focus of data interpretation has to change from 
the unnecessary emphasis on defining "adverse" changes. The questions that need 
to be addressed for management decisions based on effects assessment relate to 
(Munkittrick et al., 2000b): 
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1. Do the measurements indicate a real change? Confirmation is essential to this 
process. 
2. Are changes getting better or worse? A time series of data is needed for this. 
3. Is the current environmental situation sustainable? This question is spatially 
limited (Is it sustainable at this site?) and temporally limited (Is the change 
sustainable at this site for the near future?). When changes exist, additional 
ongoing monitoring would be required to ensure that environmental condi-
tions that affect the response do not change the potential for sustainability 
(drought, global warming, large scale eutrophication, etc.). 
4. Is the current situation acceptable? It is unclear who should determine the ac-
ceptability of changes, or what process should be used, but it is very clear 
that this decision needs to include more than just scientific data on the 
magnitude and geographic extent of changes. 
5. Would additional development or climatic events affect the response? In systems 
where responses are present, decisions related to additional development 
need to consider the potential cumulative effects of new discharges or new 
environmental conditions on the existing changes. Knowing that gonadal 
size and age to maturity are altered, or that fish growth is compromised, is 
crucial to predicting the consequences of future development. 
To reexamine the information collected at Jackfish Bay within this concept, we 
would argue that: 
a) changes exist with respect to gonadal size within the system, and these 
changes, at prespawning, have been present consistently for more than a 
decade. 
b) there has been marked improvement within the system as the mill has 
modernized and improved effluent treatment, 
c) since the mill has been present for more than 50 years, all the species are 
present that should be there, and population sizes are not noticeably small-
er, we have to assume that the situation is sustainable in Jackfish Bay, for 
the near future, within the present level of development 
d) although there is a question as to who should decide on the acceptability of 
changes, we would argue that the improvement seen should be followed 
more closely with a continued monitoring program, but the level of chang-
es does not warrant dramatic action, since conditions are improving, and 
e) the changes that exist within Jackfish Bay should be carefully considered in 
light of adding additional stressors to the system, should future develop-
ment take place within the basin. 
The Moose River basins also collected information on relative abundance and com-
munity diversity at the study sites. This information is important to understand-
ing ecological relevance and acceptability, but is variable over time, within sites 
and with carefully controlled collections. It is clear that decisions as to the man-
agement of the system, and its ability or potential to assimilate additional stres-
sors requires information on the performance of individuals within the existing 
system. The information collected at Jackfish Bay on ages of maturity, growth rates, 
reproductive performance and age distributions is crucial to evaluating whether 
the system is close to levels that may result in impacts at higher levels of organiza-
tion (population size, community structure). Information at the community level 
does not provide a sufficient buffer to allow time to make management decisions; 
if a species is missing it may be too late to reverse the damage that has been done. 
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Abstract 
A battery of priority biomarkers/health indicators in fish, to be used for environ-
mental risk assessment of pulp and paper mill effluents, is proposed together with 
guidelines for interpretation and biological evaluation of observed effects. In ad-
dition, specified recommendations are given for making an integrated assessment 
of unacceptable impact on the fish health and on the sustainability of the exposed 
fish population. 
Keywords: fish health, biomarkers, unacceptable disturbances, interpretation guide-
lines, pulp and paper mill effluents 
I Introduction 
A group of scientists, appointed by the Swedish Environmental Protection Agen-
cy and the Swedish Forest Industries Water and Air Pollution Research Founda-
tion, has jointly developed a strategy for investigating environmental impacts of 
current pulp and paper mill effluents. This strategy includes the use of a battery of 
priority variables, reflecting both population characteristics and physiological func-
tions of the individual organisms. In addition the group has given recommenda-
tions for interpretation of the results and specified criteria for defining unaccepta-
ble environmental impact (Swedish Environmental Protection Agency, 1997). 
One part of the strategy is to use sublethal toxicity in fish to assess unaccept-
able disturbances on the fish health and the fish population. This is done by select-
ing important biological functions in fish which are not allowed to be affected in a 
negative way and giving priority to biomarkers and health indicators which re-
flect these functions. During the last two decades, biochemical, physiological and 
pathological variables have been very useful as sensitive instruments for detect-
ing health effects in fish exposed to pulp mill effluents both in controlled laborato-
ry experiments and in feral fish living in receiving waters (Andersson et al., 1988; 
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Lindesjöö & Thulin, 1990; Landner et al., 1994; Lindesjöö & Thulin, 1994; 
al., 1994; Munkittrick et al., 1997; Larsson et al., 2000). However, one crucia. 
is how to interprete and evaluate the biological significance of observed de a-
tions from the control values for single variables, and how to make an integrated 
assessment of adverse impact on vital biological functions in fish and finally on 
the sustainability of fish populations. 
In the present report the mentioned strategy and use of biomarkers/health 
indicators for environ-mental risk assessment of pulp and paper mill effluents has 
been further developed. A proposal is given for a systematic approach to assess 
unacceptable disturbances of biochemical and physiological functions in fish. 
2 Effect variables 
A set of priority variables, complemented with some supporting variables, are 
grouped under the following five vital physiological functions: 
• growth, condition and energy metabolism 
• liver function 
• reproduction 
• immune defence 
• pathology and hematology 
The variables selected for indicating adverse impact on these functions are pre-
sented in Table 1. 
In addition, recommendations are given, indicating how many variables, 
describing effects on one particular physiological function, that should show sta-
tistically significant deviations from control values in order to conclude that the 
function as such is subject to an unacceptable adverse effect or disturbance. More-
over, criteria are given for how to make an interpretation of the integrated impact 
on fish health and on the survival of a fish population, when physiological func-
tions are adversely affected. The guidelines were developed for environmental 
risk assessment of pulp and paper mill effluents, but with minor and suitable 
modifications in the selection of variables, they can also be applied to other types 
of industrial and to municipal wastewater effluents. 
3 Strategy for interpretation and biological evaluation 
When taking into consideration the present insufficient knowledge about "nor-
mal values" for biochemical and physiological variables in various fish species, 
and the large statistical variation which exists for several variables, it is impossible 
to make a reliable evaluation of the magnitude of deviation from normal values 
required for establishing a serious effect or an unacceptable disturbance. Instead, 
a better strategy for evaluation of the obtained results must be to consider all sta-
tistically significant deviations from the control fish (at the level p < 0.05) as proved 
effects and to make an assessment of the total effect pattern based on a joint eval-
uation of several variables. At the final evaluation and assessment of the joint re-
sults for a single investigation it is, however, reasonable to take into account the 
magnitude of deviations for the different response variables. 
It must be strongly emphazised that before the interpretation of biochemical, 
physiological, and pathological responses is made, the impact of different envi-
ronmental factors (water temperature, food supply, etc) must be considered. In 
addition, it must be verified that the test fish has actually been exposed to the 
pollutants or the industrial effluents (e.g. by analyses of substances in the bile). 
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The biological variables/biomarkers (Table 1) are chosen with the intention 
of reflecting important vital functions in fish. Some of these functions, as growth 
and reproduction, have a high ecological relevance. This means that a significant-
ly disturbed reproduction or a reduced growth, observed in laboratory experi-
ments or field studies, must be regarded as an unacceptable environmental im-
pact due to the fact that a chronic exposure very likely involves serious conse-
quences at the population and ecosystem level. For the same reason, significantly 
increased frequency of pathological alterations (e.g. fin erosion, skin wounds, tu-
mours, skeletal deformations and other malformations) are not acceptable. Signif-
icant changes in single measuring variables can be accepted if they are not sup-
ported by significant responses in other variables reflecting the same physiologi-
cal function. Based on the use of a battery of health indicators in fish for assess-
ment of sublethal toxicity, the following systematic model is proposed for defin-
ing unacceptable disturbance of vital physiological functions as well as unaccept-
able impact on the integral fish health and ultimately an unacceptable environ-
mental impact (Table 1). 
3.1 Assessment of unacceptable disturbance of a biological 
function in fish 
The responses in all variables representing one particular physiological function 
in Table 1 are considered jointly as follows: 
If one or two variables deviate significantly (p<0.05) from the control values, 
this might lead to further investigation. This means that complementary 
studies are required in order to confirm if the biological function is affected 
or not. 
If three or more variables in the same functional group are significantly affect-
ed, this should be interpreted as an unacceptable disturbance of the func-
tion. 
Deviating variables, listed under two functional groups (e.g. liver size, liver 
glycogen, liver lipids) in Table 1, are assessed only in one group. 
Exceptions: 
• Growth: a strongly reduced growth, which can be logically connected to 
other serious disturbances (e.g. altered metabolism, disturbed liver func-
tion, tissue damages) must be assessed as an unacceptable effect on the 
fish population. 
• Reproduction: significant effects on more than one of the end points sexual 
maturation and gonad growth are interpreted as an unacceptable distur-
bance of the reproduction. In addition, an impairment of the reproduction 
observed in a separate reproduction test (e.g. egg/larval test with rainbow 
trout; reproduction test with viviparous blenny; hatching test with perch 
eggs) is sufficient to establish a disturbed reproduction even though no or 
only one reproduction variable in Table 1 deviates significantly. 
• Pathological changes: increased frequencies of pathological alterations of the 
types mentioned above, are interpreted as an unacceptable effect on the fish 
health and as an unacceptable environmental impact. 
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Table 1. 	Guidelines for interpretation and biological evaluations of observed effects in fish 
Measured variables; 
Assessment 
Observed effect 	of disturbed Significance; Final assessment of effects on 
Physiobgical fimction 
fiinc tbns 
Act fish health and on the population 
Grnwth/ conditinn/ 
enejyy metabolism 
Length/body weigth Decreased growth 	 > Unacceptable Unacceptable 
disturbance environmental impact 
Lengtl✓body weigth Stimulated growth 
1-2 affected variables Further studies 
Condition factor 
Liver weigth (ISD 
3 or more affected Disturbed 
Liver glycogen 
_j 
variables function 
Liver lipids 
Liver fimctiion 
Liver weigth fCsD 
1-2 affected variables Further studies 
Liver glycogen 
Liver lipids 
3 or more affected Disturbed 
EROD activity 
variables function 
UPDGT activity 
Liver histology 	 __J 
G ithatione activity 
RepndDctinn 
Gonad weigth (GSI) 	Reduction Both affected Disturbed 
Age/size at sexual Increase function 
maturity 
Gonad weigth (GSI) 	Reduction 
Age/size at maturity 	 Increase 	 1-2 affected variables 	Further studies 
Sexual steroids m Reduction 
blood plasma 
Vdel genin in Measureable 
blood plasma levels in male 
or immature fish 
3 or more affected variables Disturbed 
function 
Disturbance of only 
Dim function requires 
continued studies 
Disturbance of 2 nr more 
functions are interpreted as 
unacceptable effects on the 
fish health, i.e. an 
unacceptable environmental 
impact 
Separate reproduction test 	Impaired reproduction 
Tmmnne defence 
Lymphocytes 
Neutrophils 
Thrombocytes 
Antibody titer 
Irnmt ogtobuiin 
Unacceptable 
disturbance 
1-2 affected variables 	Further studies 
3 or more affected variables Disturbed 
function 
Unacceptable 
environmental impact 
Pathological changes 
Increased frequency 
of dan ges or 
malformations 
Unacceptable 
effects 
Unacceptable 
environmental impact 
Hematocrit 
Red blood cells 
Immature red blood cells 
Hemoglobin 
Potassium in blood plasma 
Chloride in blood plasma 
1-2 affected variables 	Further studies 
3 or more affected variables Disturbed 	- 
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3.2 Overall assessment of unacceptable disturbance of the 
integral health status in fish 
In general, an unacceptable disturbance of one of the studied physiological 
functions in Table 1 should lead to further investigation in order to deter-
mine if effects which reflect other biological functions can be related to and 
strengthen the observed disturbance. 
An unacceptable disturbance of two or more physiological functions should be 
interpreted as an unacceptable disturbance of the fish health and might im-
ply an elevated risk for effects at the population and ecosystem level. 
Exceptions: 
• A disturbed reproduction, a strongly reduced growth or an increased fre-
quency of serious pathological alterations must be interpreted as unaccept-
able effects on the fish health and, thus, either of these disturbances is suffi-
cient for concluding that there might be unacceptable environmental im-
pact. 
4 Conclusion 
The proposed interpretation guidelines and systematic model to assess environ-
mental impact of pulp and paper mill effluents have been applied on results ob-
tained in several fish investigations in the laboratory as well as in the receiving 
water of pulp mill effluents. These applications indicate that the developed strat-
egy provides a good tool for making an integrated assessment of unacceptable 
disturbances of vital biological functions in fish and ultimately unacceptable im-
pact on the sustainability of fish populations. 
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Abstract 
Incidence of chironomid (Chironomus) larval deformities (DI) was studied in three 
recipient areas of pulp mill effluents. DI was negatively associated with distance 
from the mills and positively with sediment contamination indicative of pulp mill 
effluents. Laboratory toxicity of sediments to the midge Chironomus riparius corre-
lated with the DI in the field, suggesting that the latter predicts biologically signif-
icant effect. DI in subfossil head capsules from surficial sediments tended to be 
higher than present DI suggesting decreasing toxicity of sediments. Incidence of 
midge deformities appears to be a useful biomarker of sediment contamination 
and toxicity within pulp mill recipients. 
Keywords: chironomidae, deformities, pulp mill, sediment toxicity, 
I Introduction 
In recent years, improved production processes and waste water treatment have 
greatly decreased aquatic pollutant loading from pulp mills. Water quality in re-
cipient watersheds has markedly ameliorated, and associated recovery of biota or 
change in ecotoxicological biomarkers have been consistently observed (e.g. Hol-
opainen et al. 2000, Soimasuo et a. 1998). However, pollutants released in the past 
and accumulated in the sediments still form a threat to aquatic systems which is 
presently relatively poorly understood. Benthic invertebrates are among organ-
isms most likely to be exposed and impacted by sediment-associated xenobiotics. 
Harmful effects on any organisms can be seen of concern, but benthic inverte-
brates are also important for the system functioning, and they may transmit haz-
ardous compounds from the sediments further into the food webs. Morphological 
responses of invertebrates, including deformities of midge (Diptera: Chironomi-
dae) larvae have been suggested as a potential in situ biomarker of sediment toxic-
ity (see Hämäläinen 1999 for discussion). We evaluated incidence of deformities in 
mentum of midge (Chironomus spp.) larvae as an indicator of sediment contami-
nation and toxicity in recipients of pulp mill effluents. We compared deformity 
incidence (DI) in the recipient areas to DI in local reference sites and to an estimat-
ed background. Furthermore, we correlated DI to contamination indicative of pulp 
mill pollution. To preliminarily assess any temporal trend in deformity response, 
we compared the present DI to that in subfossil head capsules from surface sedi- 
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2.2 Field sampling and sample processing 
SLS , LH, and LM sites were sampled for surface sediments by an Ekman-grab 
sampler for chemical and physical characterization and for whole sediment toxic-
ity tests. Sediments were cool-stored (4%C) in polythene buckets before use. Midge 
larvae for deformity analysis were sorted from samples taken either for this pur-
pose (SLS, LH, LM) or for routine monitoring (RP, Holopainen et al. 2000). Subfos-
sil head capsules that represent Chironomus populations in the near past were ex-
tracted from SLS, LH and LM sediments remaining from the tests and characteri-
zation. In RP sites, subfossils were sorted from macrofauna samples. No Chironomus 
larvae were obtained from RP1, and few subfossils were collected from SLS3 and 
none from LH6 due to shortage of residual sediment (Table 1). 
Table I. Distance of the study sites from the point of discharge, sediment characteristics and number of Chironomus 
larvae and subfossils used in deformity analysis. 
Site Distance 
(km) 
Hg 
(mg kg') 
EOX 
(mg kg') 
C (%) N (%) L01 (%) number of 
larvae 
number 
subfossils 
ME 60 3.0 10.6 0.58 86 100 
H5 -10 189 3.3 7.6 0.74 17.4 200 ll 
HI -5 189 3.8 8.1 0.72 18.6 200 35 
H6 0.5 996 91.0 16.0 0.83 29.2 104 0 
H2 4 629 47.3 12.8 0.67 24.0 106 I6 
H3 12 616 75.4 9.9 0.71 19.3 33 23 
H4 23 1117 58.2 10.2 0.83 21.5 200 182 
SLSI -8.5 264 52.7 8.4 0.83 17.8 200 18 
SLS3 2.5 701 524.5 18.0 1.0 31.9 72 4 
5155 9 1078 228.1 15.4 1.1 28.8 313 210 
SLS9 16 561 147.0 11.9 0.97 24.1 170 100 
RPI -3 - - - - - 0 46 
RP2 -U.S - - - - - 35 53 
RP3 3 - - - - - 33 123 
2.3 Sediment characterization 
LH, SLS and LH sediments were analysed for loss-on-ignition (LOI), organic car-
bon and nitrogen content (Table 1). Extractable organic halogen (EOX) and mercu-
ry (Hg) concentrations were used as tracers of contamination from pulp mills. 
More comprehensive characterization and analytical methods will be reported else-
where. No sediment data were available for RP sites. 
2.4 Deformity screening 
The mentum of each larval or subfossil head was screened for deformities by a 
light microscope. All structural aberrations except for mechanical damage or wear-
ing (Madden et al. 1995) and apparently abnormal size of structures were consid-
ered as deformities. 'Split' median teeth was not classified as a deformity, since 
splitting to a negligible extent occurred often, and it could not be judged when a 
tooth was split enough to be deformed. Furthermore, this kind of anomaly may 
appear at high frequency in unpolluted sites (e.g. Bird et al.1995). Vast majority of 
abnormalities classified as deformities were 'absolute' (Madden et al. 1995) in na-
ture. 
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ments representing the near past. To obtain some insight into its biological signif-
icance, we related the DI to laboratory toxicity of sediments to the midge Chi-
ronomus riparius. 
2 Methodology 
2.1 Study sites 
Three separate recipients of pulp mill effluents were studied (Figure 1). Southern 
Lake Saimaa (SLS) area is polluted by a pulp and paper mill in the city of Lap-
peenranta. Three downstream sites and one upstream reference site were sam-
pled. Lake Haukivesi (LH) is subjected to effluents from a pulp and paper inte-
grate in the city of Varkaus. Two upstream reference sites (LH1, LH5) and 3 sites 
downstream of the present point of effluent discharge (LH2-LH4) were sampled. 
One site (LH6) was subjected to mill waste waters until 1977, and after that an 
underwater pipeline has lead waste waters further downstream. However, pollu-
tion continued even thereafter until 1990 due to leakage of the pipeline (Matinvesi 
1996). The third study area is the upper reach of the River Pielisjoki (RP) where a 
pulp mill discharges its waste waters (Holopainen et al. 2000). One downstream 
site (RP3) and an upstream site (RP2) which is likely to be affected by waste waters 
due to occasional upstream currents were sampled in addition to a reference site 
(RP1). An unpolluted Lake Mekrijärvi (LM) in eastern Finland served as an exter-
nal reference. 
Figure /.The study areas and location of study sites. Arrows depict direction of flow. 
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2. S Toxicity tests 
Toxicity of whole sediments from the LH and SLS sites were assessed in two sep-
arate tests with the midge Chironomus riparius as described by Ristola et al. (1999). 
In short, 15 first instar larvae were individually exposed for 10 days to each sedi-
ment at constant temperature (20 A 2±C). Growth (dry mass) and developmental 
rate (% of larvae in final instar) were used as endpoints. In both tests, LM sedi-
ment was used as a reference. 
2.6 Numerical analysis 
Deformity incidence i.e. probability of deformity (p) in each downstream site (Di) 
was compared to that in the respective reference site (R) in 2 x 2 contingency tables 
by a one tailed (Ho: pDl ce PR' Hl:  p > PR) Fishers exact test (Zar 1984) and sequen-
tial Bonferroni adjustment (a = 0.05) (Holm 1979). Larvae from two the LH refer-
ence sites were combined to form a single sample. We also compared DI in each 
study site to an estimated conservative current background DI level of 5% 
(Hämäläinen et al. in prep.) by one-tailed (Ho: p S 0.05; Hl: p > 0.05) binomial test 
(Zar 1984) with sequential Bonferroni adjustment. Association of DI with substances 
indicative of pulp mill pollution (EOX and Hg) and with responses in laboratory 
sediment tests were assessed by non-parametric Spearman correlation (ra ). 
7- 
Figure 2. Incidence of mentum deformities (DI) in Chironomus spp. larvae (present) and sub-
fossil head capsules in the studied sites.A circle (o) depicts significantly elevated (> 5%) DI, an 
asterisk (*) indicate that DI is also significantly larger than that in the local reference site. 
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3 Results and discussion 
In SLS and LH recipients the DI was above the reference and/or background level 
close to the mills and even several kilometres downstream (Figure 2). DI also cor-
related with the measured sediment concentrations of EOX (r, = 0.74, P = 0.006) 
and Hg (r, = 0.82, P= 0.001). In RP, DI tended to be slightly elevated in the both 
impacted sites, albeit the difference was non-significant. Deformities in subfossils 
showed similar trends, but subfossil DI in impacted sites tended to be higher than 
present (Figure 2), which suggests decreased intensity of the causal factor(s) be-
hind. 
However, detailed analysis of subfossil head capsules extracted from verti-
cally segmented and dated sediment cores would be necessary for more reliable 
assessment of temporal trends. DI was negatively correlated with growth 
(r, = -0.61, P = 0.035) and developmental rate (r, = -0.76, P = 0.005) of C. riparius in 
whole sediment tests (Figure 3). 
DI (%) 	 DI (%) 
Figure 3. Growth (left) and developmental rate (right) of Chironomus riparius larvae in whole 
sediment tests in relation to deformity incidence in the field. 
4 Conclusions 
Both spatial distribution of deformities and their relation to sediment contamina-
tion strongly suggest that pulp mill effluents cause midge deformities in recipient 
watersheds. The relationship of laboratory toxicity of sediments to DI suggests 
that elevated incidence of deformities imply harm to midge larvae. The currently 
manifested impact, however, can largely be a ghost-of-the-past i.e. caused by sed-
iment-accumulated xenobiotics from earlier years. The apparently smaller current 
DI compared to that in the past suggests that the sediment toxicity is presently 
decreasing. Our results support the view that the incidence of midge deformities 
is an useful indicator in the assessment of spatial extent and temporal variation of 
sediment contamination and its in situ impact within pulp mill recipients. 
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A comparative study of sentinel 
species and community based field 
methods for assessing the biological 
status of fish in a river receiving 
pulp and paper mill effluents 
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Claire, Quebec, Canada, H9R 3J9 
Abstract 
This study compared the use of sentinel species- and community-based field ap-
proaches for assessing the biological status of fish living in a river receiving pulp 
and paper mill effluents. The study site was a 75-km stretch of the St. Francois 
River in Quebec, Canada, which receives input from three mills, in addition to 
input from agricultural, other industrial and municipal sources. During the study 
period (1991-1998), two of the three mills installed secondary treatment in 1995 
and the third mill fine-tuned a treatment system in existence since 1987 in addi-
tion to making some process changes. Four approaches were compared. Three 
approaches, the fish survey component of the Canadian regulatory environmen-
tal effects monitoring (EEM) program, an autopsy-based method that leads to the 
calculation of a fish health assessment index (HAI) and biochemical measurements 
of hepatic mixed function oxidase (MFO) activity and plasma steroid levels, used 
a sentinel fish (the white sucker, Catostomus commersoni). The fourth approach char-
acterized the fish community structure according to an index of biotic integrity 
(IBI). The comparison focused on interpretability, particularly how the methods 
respond to the hypothesis that recent process modifications/effluent treatment 
improvements have beneficial effects on fish. None of the approaches using the 
sentinel fish indicated clear mill-related influences either before or after the proc-
ess modifications/effluent treatment improvements. There was no consistent dis-
play of the typical responses, such as increased liver weight and MFO activity or 
decreased gonad weight and plasma steroids, said to be associated with mill efflu-
ent exposure. While the HAI was higher at sites downstream from two mills, this 
could not be linked to effluent exposure alone as the reason for the increased HAI 
at one site was the change in the score upstream from the mill. In contrast, the 
study of community structure in 1998 showed a substantial improvement in fish 
assemblages at all the mill sites since 1991. In conclusion, at the sites investigated 
in this study, the fish community approach provided the most useful insight about 
the relation of fish in the St. Francois River to mill effluents. 
Keywords: biotic integrity, communities, fish, health, MFO, steroids, pulp and pa-
per mill effluent, St. Francois River, sentinel species 
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I Introduction 
The pulp and paper industry in Canada and worldwide has undergone major 
modernization in the 1980s and 1990s, partly to meet new effluent regulations and 
to operate in a manner that ensures effluent compatibility with the aquatic envi-
ronment. The improved effluent quality resulting from this modernization pro-
gram, as determined by laboratory biotests, has been well-documented (Kovacs et 
al. 1997a). However, the ultimate means of assessing the benefit of these efforts is 
to study the aquatic organisms inhabiting the waterways receiving the discharges 
from the mills. The study of wild fish to assess the potential influence of man-
made activities on the biological integrity of lakes and rivers has been on going for 
many years (Karr 1981). Nonetheless, for a variety of reasons, including natural 
variability and complex biotic-abiotic interactions in the receiving waters, the in-
terpretability of such studies, particularly the establishment of causality when dif-
ferences are observed, is difficult. Consequently, there is a need to ensure that 
methods used for impact assessment work are scientifically sound and capable of 
clearly establishing degraded environmental conditions (Grothe et al. 1996) and, 
just as importantly, documenting the absence of harm or improvements when they 
occur. This study compared sentinel species- and community-based field approach-
es for assessing the biological status of wild fish. The comparison focused on inter-
pretability, particularly how the methods respond to the hypothesis that recent 
process and effluent treatment improvements have beneficial effects on fish. For 
this purpose, four different approaches were used to study fish in the vicinity of 
three pulp and paper mills situated on a 75-km stretch of the St. Francois River in 
Quebec, Canada. Three approaches, the fish survey component of the Canadian 
regulatory environmental effects monitoring (EEM) program, an autopsy-based 
method that leads to the calculation of a fish health assessment index (HAI), and 
biochemical measurements of hepatic mixed function oxidase (MFO) activity and 
plasma steroid levels, used a sentinel species. The fourth approach characterized 
the fish community structure according to an index of biotic integrity (IBI). 
2 Study area and mill descriptions 
The St.-Francois River in Quebec, Canada originates from St-Francois Lake (Fig-
ure 1a) and then flows west and north into the St. Lawrence River draining a 10,230-
km2 region. The sampling sites for this study were located between the towns of 
Bishopton and Richmond (Figure 1b), representing a 75-km stretch in the Appala-
chian plateau region of the river. This portion of the river receives discharges from 
three pulp and paper mills as well as from the municipality of Sherbrooke. Other 
potential inputs to this stretch of the river include tributaries, runoff from agricul-
tural activities as well as smaller municipalities and industries. There are dams 
just above each of the three mills and also a hydroelectric dam above the town of 
East Angus. The restriction to fish mobility caused by the dams was advantageously 
used for selecting the 13 fish community (IBI) stations and six sentinel species 
sampling locations (see Figure 1b). 
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Figure I. a) Geographical position of the study area, and b) location of sentinel species and in-
dex of biotic integrity (IBI) sampling sites. 
Mill A, located at East Angus, is comprised of two facilities, a pulp and paper mill 
which produces about 230 t/d of unbleached softwood kraft papers and a 160 t/d 
mill producing boxboard. Since August 1995, the final effluent from these two 
operations has been secondary-treated together with municipal effluent from the 
city of East Angus. Treatment is by a three-cell aerated lagoon with a total resi-
dence time of about ten days. Mill B, located at Bromptonville, is a thermome-
chanical pulp (TMP) mill producing about 700 t/d of newsprint from softwood 
chips. The mill also operates a deinking plant and incorporates about 25-30% re-
cycled newsprint into its pulp stock. The pulp is brightened using sodium hydro-
sulphite. A sequential batch reactor with a retention time of about seven hours 
began treating effluent from this mill in August of 1995. Mill C, located at Wind-
sor, pulps hardwood using a Kamyr modified continuous cooking digester cur-
rently followed by a DoEoD(P) bleaching sequence to produce a variety of bleached 
kraft specialty papers. The daily production capacity is approximately 1600 t/d. 
The mill effluent has been treated since 1987 in a 5-day aerated lagoon. In 1995, a 
flotation system was added to the secondary claifier to reduce suspended solids 
losses. As well, during that year, the efficiency of pulp washing was improved and 
bleaching changed from a 55% C102 sequence, C/DEoHD(P), to the present se-
quence. 
3 Methods 
3.1 Sentinel species assessment 
The sentinel species selected for this study was the white sucker (Catostomus com-
mersoni). The sampling occurred at six locations (see Figure lb) during September 
and October in 1994/1995 (Amcnatech 1996a,b,c) and in 1998. 
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3.1.1 EEM fish survey approach 
The fish survey component of the EEM, done at all six sites in 1994/95 and 1998, 
requires information on sex, length, total body weight, liver weight, gonad weight, 
egg size/fecundity for female fish and age (Environment Canada 1998). These 
variables are used in turn to derive the principal fish parameters (Environment 
Canada 1998) related to size-at-age, condition, gonad weight, fecundity and liver 
weight which are estimated as regressions of one variable on another (typically 
length and weight) using Analysis of Covariance (ANCOVA). 
3.1.2 Health assessment index (HAI) approach 
A total of 15 variables including blood parameters, tissue and organ anomalies 
were rated according to a method described by Adams et al. (1993) for the calcula-
tion of a health assessment index or HAI. Each of the variables is assigned a nu-
meric value where the normal condition is rated as zero. Any abnormalities in the 
spleen, kidney, liver, eyes, gills and pseudobranchs are given values of 30. For the 
other variables, such as the thymus, abnormalities are rated as 10, 20 or 30 de-
pending on the severity of the anomaly. For each fish, the variable rankings are 
summed and a HAI for the population is calculated by summing the individual 
HAIs and dividing by the number of fish in the population. The HAI was com-
pleted at six sites in 1998 and at only three sites (1, 3 and 4) in 1995. 
3.1.3 Biochemical measurements approach 
The liver and blood of individual white suckers were used to measure hepatic 
ethoxyresorufin-O-deethylase (EROD) activity (Martel et al.1995) and plasma ster-
oid levels (McMaster et al. 1992), respectively. Blood samples taken from females 
were analyzed for estradiol and testosterone while samples taken from males were 
analyzed for testosterone only In 1995, fish from the sampling site (no. 2) down-
stream from mill A at East Angus were not tested for biochemical parameters. The 
fish from all sites were analyzed in 1998. 
3.2 Fish community assessment approach 
Sampling for the purpose of assessing the status of fish communities occurred 
between August 5 and 19 in 1998. The sampling locations (see Figurelb) corre-
sponded to those selected by Richard (1996) for a 1991 study on the same stretch of 
the river. Each of the 13 sites was sampled along 500 m of shoreline on both sides 
of the river by using an electric shocker. All fish were identified to the species 
level, measured for length and weighed. A maximum of 20 fish of each species 
was examined for external anomalies such as skeletal deformation, fin erosion, 
lesions, tumors and the presence of parasites. For each sampling site, an index of 
biotic integrity (IBI) developed by Karr (1981) and modified by Richard (1996) 
was calculated. According to this method, the lowest IBI score is 12 representing a 
very poor fish community and the highest score is 60 representing an excellent 
fish assemblage in terms of diversity, lack of anomalies as well as presence of pol-
lution intolerant species. 
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4 Results 
4.1 Sentinel species assessment 
4.1.1 EEM fish survey 
At East Angus, examination of the data by ANCOVA revealed that in 1998 neither 
gonad weight nor fecundity was lower for white sucker captured downstream 
from the mill. Larger liver weights occurred only for females. For male white sucker, 
size-at-age and condition (body weight at length) were larger in fish captured down-
stream from the mill. The condition of female white sucker captured downstream 
and size-at-age were larger, although for size-at-age the relationship held true only 
for body weight as the dependent variable. The fecundity of females with body 
weight as covariate was significantly larger. Several of the relationships for white 
sucker, including liver weight for both sexes as well as fecundity at length and age 
for females, could not be investigated by ANCOVA because of non-equal slopes of 
their regressions (significant interaction). 
At Bromptonville in 1998, gonad weights were smaller for both male and 
female fish at the downstream site but only with respect to body weight as a cov-
ariate. Fecundity was also smaller but there was no evidence of larger liver weights. 
Neither size-at-age nor condition was significantly different for male white sucker 
captured downstream from the mill. In females, there was no change in size-at-
age and condition was lower downstream. 
At Windsor in 1998, the only significant differences for male fish were lower 
condition and gonad weight in relation to body weight (body length could not be 
investigated because of unequal slopes). Female white suckers captured down-
stream from the mill exhibited no differences in size-at-age, condition, gonad 
weight, fecundity, and liver weight. 
The patterns of response for the earlier studies conducted in 1994 (Amenate-
ch 1996c) and 1995 (Amenatech 1996a,b) typically were different from the responses 
observed in 1998. The follow-up study in 1998, as described above, did not reveal 
a trend of diminishing responses for the two mills which had installed secondary 
treatment systems subsequent to the 1994/1995 studies. For example, while no 
liver weight, gonad weight and fecundity differences were evident for the 1995 
study at Bromptonville, this was not the case in 1998 as liver weight and gonad 
weight were smaller for male white sucker and fecundity and gonad weight at 
body weight (and not at length) were smaller for females. Also, as had been ob-
served in 1998, there were examples of an incongruence of response with respect 
to choice of covariate, particularly for the results from East Angus. 
4.1.2 Health assessment index (HAI) 
The HAI scores for white sucker of the St. Francois River in 1995 and 1998 ranged 
between 37 and 78 out of a maximum possible score of 450. These scores are just 
above the HAI rating (30-34) of white suckers taken from the pristine tributaries 
of another river system (St. Maurice River) in Quebec. The most frequent abnor-
malities contributing to the HAI scores in the St. Francois River fish were observed 
on the eyes, gills, livers as well as in the percent hematocrit and plasma protein 
concentration. The eye abnormalities included whiteness of the cornea and lens 
(possibly indicating parasitic infestation) or missing eyes. For the gills, the most 
frequent anomalies were clubbed (mostly swelling of lamellae) and marginated 
(whiteness at the margin) gills and paleness (possibly indicating anemia). The liv-
er abnormality was a coffee-cream color (indicating excess fat) instead of the nor-
mal reddish/brown. For all of the other HAI parameters (e.g., kidney, hindgut) 
the percent of fish with a normal condition ranged between 80% and 100%. In 
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1995, the HAI scores of the fish upstream and downstream of mill B (sites 3 and 4, 
respectively) were not significantly different from each other. In 1998, the HAI 
scores for fish captured downstream from mills A and B were higher than for fish 
from upstream sites. No differences were detected near mill C. Between 1995 and 
1998, the HAI scores remained the same for fish below mill B, but decreased sig-
nificantly upstream from this mill. Hence, the higher HAI score downstream from 
mill B in 1998 could not be related only to mill effluent. 
4.1.3 Biochemical measurements 
In 1994, the testosterone and EROD activity in males captured upstream and down-
stream from mill C was not significantly different. In contrast, for the females, 
MFO enzyme activity was lower and steroid levels were higher in fish captured 
downstream from the mill. In 1995, the levels of testosterone in males upstream 
and downstream from mill B were not statistically different while EROD activity 
was lower in downstream individuals. Liver MFO activity, testosterone and estra-
diol levels in females upstream and downstream from this mill were not different. 
In 1998, comparison of the fish upstream and downstream from the three mills 
indicated increased testosterone in males and increased testosterone and estradiol 
in females downstream from mill A. For mills B and C there were no significant 
differences for plasma steroids in males and females. For all three mills there were 
no differences in EROD activity for both males and females. Overall, there was no 
indication of MFO induction or decreased steroid levels in white sucker exposed 
to untreated and treated mill effluents between 1994 and 1998. 
4.2 Fish community assessment 
In 1998, a total of 5003 individuals were sampled representing 28 species, several 
trophic levels and different degrees of pollution tolerance. Overall, the total number 
of species and total number of individuals at the 13 sampling sites varied between 
11 to 19 and 82 to 758, respectively. Except for the lack of cyprinids at the upper-
most site (IBI-1), there was no general trend in species distribution or species rich-
ness in going from upstream to downstream. The metrics with the greatest varia-
tion between stations included the percent omnivores and the percent insectivores. 
The percent of fish with anomalies, the number of pollution intolerant species and 
the number of Catostomidae exhibited intermediate variability between the 13 
study locations. The condition of the fish communities based on IBI scores in 1991 
and 1998 are shown in Figure 2. In 1991, the fish communities were rated as poor 
below mills A and B (Richard 1996). The metrics indicated an imbalance in the 
proportion of various trophic levels, decrease in diversity, a dominance of pollu-
tion tolerant species and high frequencies of anomalies. These conditions were 
attributed to the untreated effluents downstream from mills A and B (Richard 1996). 
In contrast, in 1998 the IBI values downstream of these two mills ranged from 45 
to 54 representing fish communities that can be rated as good. Fore et al. (1994) 
suggested that IBI values that differ by (8 units should not be considered to be 
significantly different. On the basis of this criterion, there were significant improve-
ments downstream from all three mills in 1998 and there was no degradation of 
the fish communities immediately downstream from any of the mill discharges 
when compared to fish communities immediately upstream from the three mills. 
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Figure 2. A comparison of the condition of the fish communities along the St. Francois River in 
99I and 1998 according to IBI assessments. 
5 Discussion 
The main objective of pollution abatement programs is to protect the ecological 
integrity of our waterways, particularly fish populations/communities and their 
habitats. One way to gauge the success of our efforts is to study fish in the wild. 
There are many different ways to assess the biological status of wild fish, but, 
essentially, they can be broadly classified into sentinel species and community-
based approaches. The assumption of the sentinel species approaches is that one 
or two species can be considered to be indicators of the condition of all the fish 
inhabiting a particular waterway (Gibbons and Munkittrick 1994). When sentinel 
species are used, the biological status of fish can be evaluated at the biochemical, 
tissue or whole organism level. A further assumption is that inferences on poten-
tial effects at the higher level of biological organization (i.e, population, communi-
ty) can be made from measurements at the lower levels of biological organization 
(e.g. biochemical). Community-based approaches provide a direct assessment of 
fish community structure such as proportion of pollution intolerant species (Karr 
1981). 
The biological status of fish in relation to pulp and paper mill effluent expo-
sure has been the focus of many investigations in the past (Owens 1991, Carey et 
al. 1993, Kovacs et al. 1997b). Most of the field studies used sentinel species to 
assess the potential influence of mill discharges on fish. Distinct patterns of what 
was considered typical for fish exposed to pulp and paper mill effluent were de-
scribed. These included reduced plasma steroids and increased hepatic EROD ac-
tivity at the biochemical level (Munkittrick et al. 1992), increased liver size, de-
creased gonad size and fecundity from EEM-type studies (Munkittrick et al. 1994, 
Parker and Smith 1997) as well as increased HAI (Adams et al. 1993) at the organ/ 
whole organism level. While mill modernizations have been reported to reduce 
effluent effects on these parameters, in some cases they have not completely elim-
inated them (Sandstr(m 1996, Munkittrick et al. 1997). Studies directly assessing 
the potential effects of mill effluents on the whole fish community have been more 
rare. In one case (Adams et al. 1992), deleterious influences on the whole commu-
nity were related to effects at lower levels of biological organization (e.g., bio-
chemical, organ) and in another case, mill modernization was shown to improve 
fish community structure (Seegert et al. 1997). 
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Both the sentinel species and community-based approaches are thought to 
have unique as well as common advantages and disadvantages (Cash 1995). Con-
sequently, the simultaneous use of these approaches for assessing the condition of 
fish in relation to mill effluents would be expected to provide valuable leads con-
cerning what methods provide the most promise for gauging the outcome of in-
dustry strategies aimed at environmental protection. The St. Francois River situa-
tion was considered to be ideal for such an undertaking. Two of the three mills 
installed secondary treatment facilities in 1995 that resulted in meeting new regu-
lations regarding BOD, suspended solids and toxicity and a general improvement 
in effluent quality as determined by laboratory sublethal tests (Langlois and Dubuc 
1999). The third mill was already in compliance as it had a biological treatment 
system since the time of the mill start up in 1987, but made further improvements 
through process changes and fine-tuning of the treatment system. This gave an 
opportunity to assess the outcome of the improved effluent quality on fish in the 
river by both temporal and spatial comparisons. The temporal comparison is par-
ticularly attractive as it overcomes concerns about the virtually impossible task of 
selecting 'true' reference sites (that is, a site that is exactly like the exposure site 
except for the absence of effluent) for studies based only on spatial (upstream/ 
downstream) comparisons. The existence of dams restricting fish movement be-
tween sites upstream and downstream from mills minimized concerns about fish 
mobility and life history that plagues all studies done in the field. 
A comparison of the results of the four approaches used to study the condi-
tion of fish in the St. Francois River is summarized in Table 1. At no time were the 
typical responses attributed to mill effluents seen when using the regulatory EEM 
or the biochemical (EROD/steroid) approaches. While differences between sites 
were found, there was no apparent interpretable pattern. Rather, the differences 
seemed to be more the result of natural variability. Thus, on the basis of these 
methods, the fish were not considered to be deleteriously affected by mill efflu-
ents either before or after the installation of secondary treatment. It appears that 
compounds (e.g., phytosterols, wood extractives) previously shown or hypothe-
sized to be capable of causing such responses (Martel et al. 1997, MacLatchy and 
Van Der Kraak 1995) were not present in the river or were at levels below those 
able to cause effects. The concentrations of effluents in the river nearest the mills 
ranged from 0.1% to 0.9% depending on season and location. On the basis of the 
limited study using the HAI, some increases in abnormalities were found down-
stream from two of the three mills, but these could not be exclusively linked to the 
effluent discharges. Also, the type of abnormalities that contributed to the increased 
HAI, such as eye and liver anomalies, were more of the type that can be found in 
fish from virtually all locations (Fournie et al. 1996) as opposed to the types of 
anomalies previously reported for fish from impacted sites (Adams et al. 1993). In 
contrast, the fish community assessment in 1991 (Richard 1996) showed that on 
the basis of IBI values, fish assemblages were considered to be poor below the two 
mills (A and B) discharging non-secondary treated effluents (Figure 2). This was 
not the case below the mill (C) discharging secondary-treated effluent where the 
fish community was found to be average. However, three years after the installa-
tion of secondary treatment at the two mills, the fish communities improved to a 
level considered good on the basis of the index of biotic integrity used. Down-
stream from mill C, the fish community improved to a good classification proba-
bly reflecting better water quality throughout the river as well as process modifi-
cations and fine-tuning of the treatment system at the mill. Another attractive fea-
ture of the IBI approach is that it studies the community itself, the actual level of 
biological organization of interest, without the need for prediction from lower lev-
els. Furthermore it provides direction as to what is acceptable (e.g. good, excel-
lent) and what is not (poor, very poor). 
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The differences in the results of the EEM/biochemical measurement approach-
es with sentinel fish and the community-based approach both before and after the 
installation of secondary treatment indicate that in this case the sentinel species 
were not good indicators of population/community responses. Possibly, this could 
mean that for mill effluents, the components causing effects at the biochemical/ 
organ level and at higher levels of biological organization are not the same. For 
example, specific compounds in the effluent may affect plasma hormone levels, 
whereas, fish assemblages may respond more to nutrients and/or oxygen con-
suming material. For this reason, the selection of the appropriate method for im-
pact assessment work is crucial. Even when the appropriate method is chosen, the 
study design will likely influence interpretability. Issues related to reference site 
selection and fish mobility were discussed earlier. Simple upstream/downstream 
designs introduce problems of pseudoreplication (Hurlbert 1984). The before-af-
ter-control-impact (BACI) study design suggested by Stewart-Oaten et al. (1986) is 
one way to overcome the interpretation problems related to simple control-impact 
(upstream/downstream) study designs. The opportunity for such a comparison 
strengthened the interpretability of the results of this study, particularly in the 
case of the IBI approach with numerous sampling sites. 
Table I. Summary results for field work conducted between 1991 and 1998 on the St. Francois River. The shaded area 
represents sampling done before the installation of secondary treatment at Mills A and B. (ND = not determined). 
Diagnostic Approach Mill A Mill 	B Mill 	C 
EAST ANGUS BROMPTONVILLE WINDSOR 
Effluent treatment installed Effluent treatment installed Effluent treatment installed 
August 1995 August 1995 1987 
1991 
IBI Poor Poor Average 
1994 
EEM ND ND No typical response 
EROD/Steroids ND ND No induction/No decrease 
1995 
EEM No typical response No typical response ND 
EROD/Steroids ND No induction/No decrease ND 
HAI ND No difference ND 
1998 
IBI Good Good Good 
EEM No typical response No typical response No typical 	response 
EROD/Steroids No induction/No decrease No induction/No decrease No induction/No decrease 
HAI Increased Increased 	No difference 
6 Conclusions 
• Comparisons of four approaches used to assess the biological condition of 
fish in the St. Francois River showed different capabilities to detect both im-
pacts related to mill effluents and improvements related to process chang-
es/secondary effluent treatment. 
• The EEM approach and biochemical measurements in sentinel species were 
not good indicators of effects at the population/community level suggest-
ing the possibility that in this case, effluent components causing effects at 
the higher level of biological organization were different than what may 
cause effects at the lower level of biological organization. 
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• No deleterious effects related to mill effluents were detected in sentinel fish 
at the biochemical or body metrics (liver/gonad size) level. 
• The HAI assessment of sentinel fish indicated differences in fish, but these 
could not be exclusively linked to mill effluents. 
• The IBI approach used for assessing the status of fish assemblages showed 
effluent-related effects at mills not having secondary treatment as well as 
indications of improvements after the installation of secondary treatment at 
two mills and process modifications/improved effluent treatment at a third 
mill. The improvements reflected enhancements in effluent quality with re-
spect to BOD, suspended solids and toxicity. 
• The selection of the appropriate method for impact assessment work, such 
as assessment of fisheries in relation to effluent discharges, is critical. 
• The interpretation of field study results should be made with the considera-
tion of the limitations, including study design, associated with the ap-
proach selected for a particular study. 
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Abstract 
During the cycle 1 Environmental Effects Monitoring (EEM) studies, wild fish col-
lected downstream of Nexfor Edmundston bleached sulphite mill (BSM) had re-
duced gonad size and fecundity. On-site 21 d exposures of goldfish to final efflu-
ent in 1997 confirmed the presence of steroid-disrupting compounds in effluent. 
After several mill process changes and improvements, final effluent from 1998 did 
not adversely affect goldfish steroids. To confirm improvements in final effluent, 
long-term fathead minnow (FHM, Pimephales promelas) growth and reproduction 
tests were carried out. A mobile flow-through bioassay trailer was constructed 
and set-up on site at the mill secondary treatment plant. Treatments included 0, 1, 
3.2, 10, 32, 49 and 100% final effluent with ethinyl estradiol (ee, 30 ng/L) as a 
positive control compound. FHM eggs were exposed < 12 h after fertilization, and 
through to 30 and 105 days post-hatch. Hatching was delayed in eggs exposed to 
BSM final effluent. Survival was unaffected by exposure to BSM effluent, except 
for 49-100% effluent. FHM exposed for 30 days showed improved growth (weight, 
length) in BSM effluent (up to 32-49%), and decreased growth in 49-100%. Liver-
somatic indices (LSIs) were larger in fish exposed to final effluent concentrations 
greater than 10%. Fish exposed to 100% final effluent or ee had LSIs three times 
that of control fish. To more realistically imitate environmental conditions, sand 
filtered and UV treated Saint John River water was used as the dilution water. This 
presented some larval mortality problems that were related to the river water qual-
ity. The ongoing research will demonstrate the feasibility and potential usefulness 
of on-site flow-through fish exposures. The work will continue over the next year, 
to assess the development, maturation and behaviour of FHM. Cycle 2 EEM con-
ducted at this mill in the fall of 1999 will compare results from wild fish to lab 
exposures to determine the predictability of the long-term FHM exposures. The 
study is an example of industry-government-academia cooperative research project 
to determine methods for assessment of pulp mill final effluents under the EEM 
framework. 
Keywords: fathead minnow, pulp mill effluent, bioassay 
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I Introduction 
As part of the Canadian Environmental Effects Monitoring (EEM) program, the 
health of wild fish from pulp mill effluent receiving waters is assessed every three 
years. In cycle 1 of these EEM studies, yellow perch collected downstream of Nex-
for Edmundston bleached sulphite mill (BSM) in 1994 had reduced gonad size 
and fecundity. To assess whether it was current effluent that affected wild fish, or 
whether historical input or some other point or non-point source was responsible, 
goldfish were exposed to final effluent to determine the potential for steroid-dis-
rupting effects. In 1997 (three years after the EEM survey) goldfish exposed for 21 
days on-site to final bleached sulphite mill effluent had one-tenth the circulating 
sex steroids of control fish. After several mill process changes and improvements 
during 1997-1998, goldfish exposed to final effluent in summer of 1998 did not 
show dramatic changes in circulating sex steroid concentrations. To confirm im-
provements in final effluent, long-term fathead minnow (FHM, Pimephales promelas) 
growth and reproduction tests were carried out. Fathead minnow eggs were ex-
posed from 12 hours post-fertilization, to 105 days post hatch, when approximate-
ly one-third of the fish were sexually mature. Lifecycle exposures of fathead min-
nows to effluent have shown that BKME can affect sexual development, time to 
first spawning, and numbers of eggs laid, as well as sex steroids (Robinson 1994, 
Borton et al. 1997). We wanted to assess the growth and reproduction of fathead 
minnows exposed to effluent on site at a bleached sulphite mill, and to assess the 
feasibility of doing such a study as part of an environmental effects monitoring 
program. 
2 Methodology 
2.1 On-site flow-through bioassay trailer 
A flow through bioassay trailer was constructed, housing 24 aquaria in a temper-
ature-controlled room. A diluter system was designed to deliver final effluent and 
dilution water (sand filtered, UV sterilized Saint John River water) to aquaria, 
based on a timed-release system. 
Six final effluent exposure concentrations (1, 3.2, 10, 32, 49 and 100%), as well 
as control tanks (0% effluent, or 100% Saint John River water), and positive control 
tanks (30 ng/L ethinyl estradiol, EE) were set up with three replicate tanks for 
each treatment. Complete aquaria exposure solution replacement time was every 
3.5 hours, or about 6 times per day. The whole experiment was repeated twice: 
Rep 1 during May—August 1999, and Rep 2 during August—November 1999. 
2.2 Fathead minnows 
Thirty-six hundred fathead minnow eggs (Aquatic Research Organisms, New 
Hampshire, USA) were rolled from tiles, pooled, individually assessed for viabil-
ity, and placed in 500 ml jars of exposure solution for transport back to New Bruns-
wick. Exposures begun within 12 hours of fertilization. Viable eggs (30 per plastic, 
screened-bottom hatching cup) were placed in aquaria (4 cups per tank) and as-
sessed for hatching over the next 4 days (Figure 1). Newly hatched larvae were 
counted daily, removed from hatching cups and placed in aquaria. 
Larvae were fed twice daily with newly hatched brine shrimp. After 30 days, 
juveniles were fed a melted slurry of previously-frozen brine shrimp. 
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2.3 Fish sampling 
After 30 days post-hatch, approximately 100 fathead minnow juveniles were sam-
pled from each aquarium (Figure 1), leaving 12 randomly-selected fish in each 
tank to grow and mature until 105 d post-hatch. Weights and lengths of juveniles 
(30-day old fish) were taken, and fish were preserved in Formalin for later his-
topathology. 
After 105 days, fish were examined and sexed externally using a maturity 
scale based on Robinson (1994). Fish lengths and weights were taken. Approxi-
mately two-thirds of the fish were dissected and sexed internally. Liver weight, 
gonad weight, and carcass weight were taken (Figure 1). Gonads of sexually ma-
ture fish were incubated in medium, and steroid production (estradiol, testoster-
one) over 18 hours was assessed under stimulated (with human chorionic growth 
hormone, hCG) and unstimulated (no hCG) conditions. Details of in vitro gonad 
incubation techniques can be found in McMaster et al (1995) The remaining fish 
were placed whole in Formalin solution for later histopathology. 
Endpoints 
120 eggs per tank x 3 tanks 
survival % hatch time to hatch 
juveniles 
30 d 	 survival length weight 
24 adult fathead minnows 
95 - 1 05 d 
survival, time to maturation 
2° sex characteristics 
length, weight, liver weight, MFO, 
gonad weight, fecundity 
in vitro steroid production by 
ovary/testes 
Figure 1. Schematic of fathead minnow exposures, sampling times, and endpoints assessed.A 
flow through bioassay trailer was set up on site at a bleached sulphite mill secondary treat-
ment lagoons. Fish were exposed from 12 h post-fertilization (eggs) through to larvae, juveniles, 
and to maturity (I 05 days post-hatch). 
Mean fish survival, weight, length, condition factor (CF) calculated for each tank 
were compared to control tanks (fish exposed to 100% sand-filtered UV-sterilized 
Saint John River water) using non-parametric Kruskal-Wallis pairwise compari-
sons. 
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3 Results and discussion 
Fathead minnow eggs and larvae were successfully hatched and reared in most 
treatments. In June 1999, fathead minnow larval mortality was high in treatments 
with 100% Saint John River water (0%, and ee) and mortality decreased as propor-
tions of final effluent increased (Figure 2). This reverse toxicity curve suggested a 
problem with the quality of the Saint John River water. Repeat exposures during 
August 1999 showed no mortality due to river water toxicity. Thus, while it is 
more environmentally realistic to use river water as dilution water in bioassays, 
this approach is vulnerable to unforeseen changes in river water quality. The use 
of lab water for dilution water would prevent such experimental losses, although 
lab water may not reflect the interactions of the effluent with the dilution water in 
the real environment. 
Effluent quality varied between reps 1 and 2. There was some mortality in 
fish exposed to Rep 1 100% effluent, and surviving fish were smaller than those 
exposed to 49% effluent (but not compared to controls) (Figure 3). Two months 
later, in rep 2 of the experiment, fish eggs exposed to 100% final effluent for the 
most part failed to hatch, and larvae that did hatch died rapidly. There was de-
creased growth in fish exposed to 49% final effluent in rep 2, while increased growth 
was observed in fish exposed to 49% effluent in rep 1 (Figure 3). 
Survival of Fathead Minnows After 30 d 
	
Survival of Fathead Minnows After 30 d 
100 
90 
80 
(0 70 
2 60 
3 50 
V) 40 
30 
20 
10 
0 
U) 
\o 0 
120 
100 
80 
60 
40 
20 
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ee 0 1 3.2 10 32 49 100 
	 ee 0 1 3.2 10 32 49 100 
Final Effluent Concentration (%) 
	
Final Effluent Concentration (%) 
Figure 2. Survival of fathead minnows after 30 d exposure to final effluent from a bleached sul-
phite mill, or to 30 nglL ethinyl estradiol (ee). Rep I was conducted during June—August 1999, 
when there was toxicity associated with the dilution water (Saint John River water). Rep 2, dur-
ingAugust—November 1999, showed no toxicity associated with River water. 
At 105 days post-hatch, approximately one-third of fathead minnows were ma-
ture, and there was spawning activity in the 0% and 1% effluent tanks. Livers of 
fish exposed to final effluent concentrations over 10% were significantly enlarged 
compared to controls. Fish exposed to ee also showed enlarged livers. LSI's of fish 
exposed to 100% final effluent or to 30 ng ethinyl estradiol/L were three-times the 
LSI's of control fish (Figure 4). 
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Figure 3. Wet weight of fathead minnows after 30 d exposure to final effluent from a bleached 
sulphite mill, or to 30 nglL ethinyl estradiol (ee). Rep I (conducted during June 1999) final ef-
fluent was less toxic and did not affect fish growth as much as final effluent exposures during 
Rep 2 (August—November 1999). 
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Figure 4. Liver-somatic indices of fathead minnows after /05 d exposure to final effluent from 
a bleached sulphite mill, or to 30 nglL ethinyl estradiol (ee). 
4 Conclusions 
• Use or receiving water (sand-filtered, UV-filtered Saint John River water) as 
dilution water was more realistic, but problematic. River water (during rep 
1, June-August 1999) was toxic to eggs/larvae in a dose-responsive manner. 
Repeat trials of Saint John River water (rep 2, August—November 1999) 
showed insignificant mortality in control and low-exposure treatments. 
• River water quality may be highly variable. Caution if use it as dilution wa-
ter in bioassays! 
• Exposure to 100% final effluent reduced growth of fathead minnows. Fish 
were smaller and weighed less than those exposed to other treatments. Re-
peat exposures to 100% final effluent resulted in almost no hatch (100% 
mortality). In rep 1, fish exposed to 49% final effluent had increased 
growth, while in rep 2, fish exposed to 49% final effluent showed decreased 
growth. 
• Final effluent quality may be highly variable. 
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• Exposure to 10 to 32% final effluent increased growth of fathead minnows. 
Fish were larger and weighed more than those exposed to 0% effluent (con-
trols). 
• At 105 days, fish in 100% effluent or ethinyl estradiol were smaller and had 
LSIs three times that of control fish. LSI was elevated in final effluent con-
centrations above 10%. 
• Experiments are continuing. Rep 1 and 2 in vitro steroid endpoints still to be 
assessed. 
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Abstract 
Previous results from our laboratories have indicated altered endocrine parame-
ters for largemouth bass at the St. John's River — Rice Creek confluence. These 
alterations may be related to local exposure to chemical components within pa-
permill effluent from Georgia Pacific's Palatka operation. The Palatka facility is 
currently a mill that utilizes elemental chlorine in its bleaching process, however, 
future plans include several updates and process modifications including conver-
sion to chlorine-dioxide bleaching procedures. A series of multi-exposure experi-
ments were conducted to examine potential effects of papermill effluent exposure 
on subsequent reproductive success and health of largemouth bass. During early 
1998, five hundred reproductively active bass were exposed to paper mill efflu-
ents in an outdoor tank facility. Fish were randomly assigned to one of 10 treat-
ments (50 fish per treatment tank; 25 male and 25 female): 0%, 10%, 20%, 40%, and 
80% effluent for 28 or 56-day exposures. At the end of each exposure point fish 
were removed from each tank, weighed, measured, blood collected, and each an-
imal sacrificed for a full health assessment. The following parameters were used 
to evaluate effects on reproduction: sex steroid/hormone concentrations, vitello-
genin, gonadosomatic indices (GSI), gonad histology, and size/number of eggs in 
females. Gonadal weights and GSI decreased with increased effluent dose and 
exposure length. These initial data suggest significant health and reproductive 
effects in largemouth bass exposed to papermill effluents at 20% or greater con-
centrations, which are levels normally occurring in effluent discharge sites. Dur-
ing early 1999, additional fish were exposed to 0%, 10%, 20%, 40%, and 80% efflu-
ent for 56 days prior to an evaluation of reproductive success. Fish (20 females and 
15 males per/treatment) were moved to ponds provided with spawning mats. 
Mats were examined 3-4 times weekly for the presence of eggs. Mats with eggs 
were randomly selected and either brought indoors for hatching studies or left in 
ponds to hatch under natural conditions. Laboratory hatching studies included an 
evaluation of egg number, viability, and hatchability/survivorship at 3 days post-
hatch. Pond studies evaluated fry survivability at 13 days post-hatch. Similarly to 
our previous reports, fish exposed to papermill effluents (> 20% effluent) had de-
creased concentrations of plasma sex steroids and vitellogenin, as well as decreased 
GSI. Laboratory studies indicated that the total number of eggs, mean egg size, 
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and hatchability (at day 3 post-hatching) did not differ across treatments. Howev-
er, the number of fry per nest and per treatment pond was significantly reduced 
following exposures of 10% effluent and greater. These results indicate that expo-
sure of largemouth bass to papermill effluents does not appear to affect subse-
quent fecundity and egg hatchability, but may negatively affect fry survival under 
natural conditions and pond stressors. 
Keywords: papermill effluents, reproductive toxicity, largemouth bass, endocrine 
disruption 
I Introduction 
Exposures of fish to pulp and paper mill effluents have been associated with sev-
eral alterations in reproductive indicators/biomarkers, including reductions in 
gonad size, delayed sexual maturation, and reduced production of sex steroids 
(Munkittrick et al. 1991,1994, McMaster et al. 1996). However, understanding how 
these changes can lead to alterations in reproductive success of populations of 
free-ranging fish has received little attention. Developing fish embryos and larvae 
are often considered the most sensitive stages in the life cycle of a teleost. The 
effects caused at these and other stages of development by contaminants may be 
very subtle and go unrecognized at the individual level, but can have detrimental 
effects at the population level (Westernhagen 1988). The primary objective of this 
study was to assess the potential effects of paper mill effluent exposure on repro-
ductive success of largemouth bass. Reproductive success endpoints measured 
included: fecundity, egg size, egg viability and hatchability, fry growth, and fry 
survival. 
2 Materials and methods 
In Vivo Exposures_ Adult largemouth bass were exposed to five concentrations of 
paper mill effluents (0, 10, 20, 40, and 80%) for 56 days. At the end of the exposure 
period, 15 males and 20 females were collected from each of the treatment tanks 
and transported to five spawning ponds that had 20 spawning mats. Ponds were 
monitored daily for any signs of spawning activity. Immediately after the detec-
tion of spawning behavior, mats were checked every other day for the presence of 
eggs. Approximately half of the mats with eggs were collected and moved to the 
laboratory for controlled hatchability studies (see below), while the remaining mats 
were left in the ponds for future monitoring of fry numbers. 
Indoor Hatchability Studies: In the laboratory, eggs were recovered from mats 
and counted volumetrically. Egg diameter was determined from each batch after 
measuring 30 eggs under a dissecting scope. Only viable eggs were left in fish 
hatching jars for a total of five days. At day five, fry were collected (approximately 
3 days of age) from each jar and counted using an automatic fry counter. Hatcha-
bility was defined as the number of fry produced as a percentage of viable eggs. 
Outdoor Fry Production Studies: Approximately half of the mats with eggs 
were left in the ponds to hatch under natural conditions. Fry were first seen school-
ing on top of the mats at about 7 days of age, but were not collected until they were 
10 to 15 days of age. Since it was difficult to collect the whole school at once, nests 
were visited every other day for up to three times. The range of fry ages collected 
were 10 to 16 days. In the laboratory, smaller fry were counted using an automatic 
fry counter, whereas numbers of larger fry were estimated manually. 
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Fry Measurements: From all fry batches, total length was measured in 30 fry/ 
batch, while fry weights were estimated by weighing four groups of 25 fry four 
times after tapping them in paper towel to remove excess water. Finally, the fre-
quency of gross abnormalities to the head, vertebral column, and yolk sac were 
quantified by evaluating a total of 500 fry/batch. 
Statistical Analysis: Pairwise comparisons were conducted using one-way 
ANOVA followed by a Dunnett's multiple comparison test to test whether treat-
ment effluent concentration caused significant differences in any of the parame-
ters measured in relation to the control group. The frequency distributions of the 
different developmental abnormalities were compared between treatments using 
a X2 Test. Statistical significance was assessed at p <_ 0.05. 
Effluent Characteristics: The effluent tested in this study comes from a paper 
mill that has two bleached (40% product) and one unbleached line (60% product), 
which together release an estimated 36 million gallons of effluent/day. The bleach-
ing sequences for the bleach line are CEHD and C90d10EopHDp. The bleaching 
lines manufacture paper towels and tissue paper, whereas the unbleached line 
produces mainly kraft bag and linerboard. The wood furnish of this mill consists 
typically of 50% softwood (slash, sand, loblolly) and 50% hardwood (gums, tupe-
lo, magnolia, and water oaks) species. Effluents receive secondary treatment, which 
consist of both anaerobic followed by aerobic biological degradation after a reten-
tion period of 40 days. 
3 Results and discussion 
In vivo exposure demonstrated a decline in plasma concentrations of 17 13-estradi-
ol and vitellogenin in female largemouth bass exposed to 20% or higher paper 
mill effluent concentration for 56 days (Figure 1). In males, abnormal patterns of 
11-ketotestosterone and 17 (3-estradiol were also observed (Figure 1). These altera-
tions, however, did not result in reductions for several egg parameters (fecundity, 
egg sizes, viability, and hatchability determined at 3 days post-hatch) (Figure 2a) 
measured under indoor controlled conditions (hatching jars). Even though fry 
length did not differ across treatments, fry weights were significantly reduced but 
only at high effluent concentrations (40 and 80%) (Figure 2b). The frequency of fry 
abnormalities was increased, but only in the high exposure group (80% effluent) 
(Figure 2b). 
Results from the outdoor pond study are presented in Figures 3a and 3b. The 
number of fry produced per spawned female (determined at an average fry age of 
13 days), was significantly reduced in ponds that were stocked with bass exposed 
to 10% or higher effluent concentration (Figure 3a). In contrast to what was ob-
served in the indoor study, exposure of adult bass to paper mill effluents resulted 
in decreased fry weights and lengths, but did not increase the frequency of abnor-
malities (Figure 3b). 
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Figure I. Mean ± SEM I I-ketotestosterone, 17 /3-estradiol, and vitellogenin concentrations in 
female (top graph) and male (bottom graph) largemouth bass exposed to different concentra-
tions of paper mill effluent (0, 10, 20, 40, and 80%) for 56 days. Numbers inside histograms 
indicate sample sizes (n).Asterisks indicate differences in relation to controls (ANOVA, Dun-
nett's multiple comparison test; V = 0.05) 
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Figure 2. Results of the indoor hatchability study showing mean ± SEM of fecundity, egg size, 
percentage of live eggs, hatchability (2a) and fry measurements (2b) of largemouth bass eggs 
spawned by largemouth bass in clean fish ponds after an in vivo exposure to different concen-
trations of paper mill effluent (0, 10, 20, 40, and 80%) for 56 days. Eggs were collected from 
ponds and brought indoors for controlled hatchability studies. Hatchability was determined at 
day 3 post-hatch. Numbers inside histograms indicate sample sizes (n = number of mats col-
lected from ponds and brought indoors for graph 2a; and n = total number of fry from which 
measurements were taken for graph 2b).Asterisks indicate significant differences with the con-
trol group (ANOVA, Dunnett's multiple comparison test; V = 0.05). Differences in the frequency 
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Figure 3. Results from the outdoor hatchability study showing mean ± SEM fry produced per 
spawned female (3a) and yolk-fry measurements (total length and weight) and percent abnor-
malities (3b). Fry were produced by largemouth bass in clean fish ponds after an in vivo expo-
sure to different concentrations of paper mill effluent (0, l0, 20, 40, and 80%) for 56 days. 
Eggs were left to hatch in ponds, and fry were counted at an average age of 13 days. Numbers 
inside histograms indicate sample sizes (n = total number of mats from which fry were collect-
ed for graph 3a; and n = total number of fry from which measurements were taken for graph 
3b).Asterisks indicate significant differences with the control group (ANOVA, Dunnett's multiple 
comparison test; V = 0.05). Differences in the frequency distribution of abnormalities were an-
alyzed through a Xz Test. 
4 Discussion 
Exposure of female largemouth bass to paper mill effluents caused a significant 
decline in both vitellogenin and 17 3-estradiol. Similarly male bass exhibited sig-
nificant declines in plasma 11-ketotestosterone. However, these changes were not 
associated with altered fecundities, fertilities, egg sizes, hatchabilities, or fry growths 
when measured under controlled laboratory conditions. However, when eggs from 
effluent-exposed bass were left to hatch under semi-natural conditions, there was 
a significant decline in the number of fry produced by fish exposed to 20% or 
higher effluent concentrations. Fry weights and lengths were also significantly 
reduced in the latter study. Because the indoor study was terminated when fry 
were only 3 days old (as opposed to 13 days in the pond study), it remains un-
known whether survival and growth would have also been affected under these 
conditions if fry were kept alive for longer. 
Assuming that fecundity and hatchability were the same in all ponds, the 
decline in the number of fry produced was likely due to an overall reduction in fry 
survival during the first two weeks of age. Increases in the frequency of abnormal-
ities at an early age (observed in 3-day old fry from hatching jars), coupled with a 
decrease in overall growth at an older age (observed in 13-day old fry from ponds) 
could help explain the reduction in numbers of fry produced in ponds stocked 
with bass exposed to 20% or higher effluent concentrations. These changes could 
be the result of a decrease in egg quality after exposure of adult females to paper 
mill effluents. 
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5 Conclusions 
Overall these results suggest the following: 
1) The reproductive changes observed in the laboratory exposure were not 
sufficient to interfere with reproductive performance (i.e. reproductive be-
havior, ovoposition, spermiation, fertilization, hatchability), at least under 
indoor controlled conditions. 
2) The decline in the number of fry produced in the ponds is probably related 
to a decrease in survival of the fry (not production). 
3) The decline in survival could be related to a decrease in "egg quality" (e.g. 
decline in essential nutrients and/or accumulation of toxic compounds 
transferred from the mother to the fry during egg development). 
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Abstract 
During the studies reported in this paper, the survival, growth, production and 
reproduction of largemouth bass (Micropterus salmoides), bluegill (Lepomis macro-
chirus) and golden shiners (Notemigonus crysoleucas) were monitored in four ex-
perimental stream mesocosms dosed with 0% (two control streams), 4% and 13% 
v/v of biologically treated effluent from a kraft pulp mill with oxygen delignifica-
tion and ECF bleaching. Fish were stocked in the streams as juveniles and exposed 
for over 500 days. Overall fish production was greatest in the stream receiving 
13% effluent and reproduction parameters were not significantly altered in any 
effluent concentration. Of the bioindicators measured only P4501A in the livers of 
largemouth bass from 13% effluent was consistently increased compared to con-
trol concentrations. Occasionally significant differences occurred in the biomark-
ers measured between the two control streams or one control stream and an efflu-
ent concentration. However, with the exception noted for P4501A concentrations, 
no consistent adverse responses due to the effluent were found during these studies. 
Keywords: pulp mill effluent, fish, production, reproduction, bioindicators, meso-
cosms, streams 
I Introduction 
Recent studies have suggested that effluents from pulp and paper mills can im-
pact the growth, reproduction, or bioindicators of reproductive fitness in receiv-
ing water (Södergren 1989; Owens 1991; McMaster et al.1992; Hodson et al. 1992; 
Swanson et al. 1992; Munkittrick et al. 1994; Gagnon et al. 1995;) or in laboratory 
tests (Robinson et al.1994; Kovacs et al.1996; NCASI 1996,1997, Borton et al. 2000). 
These studies report the effects of biologically treated effluent from a kraft pulp 
mill with oxygen delignification and elemental chlorine free bleaching (O+ECF) 
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on the survival, growth, production and reproduction of largemouth bass (Micro-
pterus salmoides), bluegill (Lepomis macrochirus), and golden shiners (Notemegonus 
crysoleucas) in experimental stream mesocosms. Bioligical indicators of reproduc-
tion status or general health were also measured during and after exposure times 
of over 500 days. 
2 Methods 
Fish were stocked in four experimental streams approximately 100 m long with 
alternating pools (8m x 8mx x lm deep) and riffle areas (9m x 2m x 0.1m deep). 
Each stream received —17L/sec of water or water plus effluent. Traps at the front 
and back with 800 (m mesh prevented immigration or emigration of all but the 
smallest fish or macroinvertebrates. River water used as control and dilution wa-
ter averaged 24 mg/L of hardness, 20 mg/L of alkalinity, and 23 mg/L of total 
suspended solids (TSS) during the period of this study. The pH of the two control 
streams averaged 7.1 ranging from a minimum of 5.9 to a maximum of 8.9. Tem-
perature ranged from a low of 3.9 to a high of 30°C, and conductivity ranged from 
63 to 256 µn- hos cm/sec with a mean of 145 (mhos cm/sec. 
The kraft mill produced 700 ADMT/d of bleached market pulp from 20% 
hardwoods and 80% softwoods using 145 m3 of water/ADMT. Effluent from pulp-
ing plus the O-W-E°P W-DED, (O-oxygen delignification, w-wash, E0 - extraction 
with oxygen and peroxide, D-chlorine dioxide) pulp bleaching sequence was treated 
12 to 14 days in an aereation stabilization basin (ASB). Streams 1 and 3 received no 
effluent (controls). Stream 4 received an average of 4% effluent and Stream 2 re-
ceived 13% v/v of effluent over the entire investigation. Effluent biological oxy-
gen demand (BOD), total suspended solids (TSS), and pH were measured 4-5 
times/week. Total solids and COD were measured once each week. Twenty-four 
hour composite effluent samples were taken every two weeks and analyzed for 
approximately 90 compounds. These compounds included resin and fatty acids, 
chlorinated organics, and AOX. 
The four experimental streams were stocked with 500 golden shiners (2.1g/ 
fish), 98 bass (5.1 g/fish) and 392 bluegill (1.9 g/fish) during October, November 
and December 1991. Effluent was added to treatment Streams 4 and 2 in January, 
1992. Fish samples were taken by seining on 4/92, 5/92,10/92, and 11/92. During 
these sampling periods, weights of the fish were recorded and they were returned 
to the streams. During sampling on April 5-7,1993, several bass and bluegill were 
removed from each stream for bioindicator samples before spawning began. On 
June 7-10,1993, after spawning, bass were removed from all streams. Bluegill were 
removed from the streams on September 15-17, 1993. Total lengths and weights 
were recorded for all fish removed. Estimates of the survival, biomass, growth 
rates and production of each species were calculated from the numbers of fish 
surviving and their weight changes. 
Livers, spleens and gonads from a subsample of fish were excised and weighed 
during the April, June, and September 1993 sampling periods. These weights were 
used to calculate liver somatic index (LSJ), spleen somatic index (SSI), and gonad 
somatic index (GSI) for these fish. Bass and bluegill were sampled for bioindica-
tors before (April 1993) and after (bass — June, bluegill — Sept. 1993) spawning. 
Testosterone and 173-estradiol was measured in the blood serum. 
Observations for spawns were made 5 times each week during the spawning 
season and numbers of eggs per spawn were estimated based on counts from five 
structures (rocks or clam shells) of known area. In December, 1994, the streams 
were seined to capture the majority of the fish then pumped out to insure that all 
fish were removed. Lengths and weights, were recorded for both surviving young 
of the year bass and bluegill from spawns in the streams. 
0..............................................The  Finnish Environment 417 
3 Results and discussion 
Effluent pH averaged 7.5 (±0.2), BOD averaged 14 (±5) mg/L, TSS averaged 11(±4) 
mg/L, color averaged 1410 (±75) color units, and conductivity averaged 1370 (±120) 
µmhos/cm/sec over the entire exposure period. The average total of 3 fatty acids 
in 100% effluent was 6.1(±7.2) µg/L, the average total of 9 resin acids was 77 (±81) 
µ.g/L and the total of 3 chlorinated resin acids was less than 1 µ.g/L. The totals of 
7 chlorophenols, 10 chloroguaiacols, 9 chlorocatechols and 3 chlorovanillins were 
below the detection limit of 2 µ.g/L. Over the entire study, effluent concentrations 
averaged 12.8 (±1.5) and 3.9 (± 0.9)% v/v in Stream 2 and Stream 4 respectively. 
Survival rates of largemouth bass, bluegill and golden shiners were not sig-
nificantly different between all streams (Table 1), although bluegill and shiner sur-
vival were lowest in the two streams receiving effluent. Larger bass in the two 
effluent streams may have increased predation on the other two species. Average 
weights of the three species were not significantly different between the streams 
receiving effluent and those in at least one of the control streams, but the average 
weights of shiners between the two control streams were significantly different. 
Production of all three species and total production was greatest in Stream 2 (13% 
Table I. Largemouth bass, bluegill, and golden shiner survival, growth, production, and reproduction parameters after 
510 days (bass) and 610 days (bluegill) of exposure to O+ECF effluent. 
Species Parameter 
Control 
Stream 	I 
(0%) 
Stream 3 
(0%) 
Effluent concentrations 
Stream 4 	Stream 2 
(5%) (13%) 
Bass % Survival' 25.5a 16.3a 14.3a 22.4a 
Bluegill 7.1a 12.2a 4.1a 4.8a 
Golden shiner 4.6a 7.4a 0.6a 2.4a 
Bass Mean weight (g) 149.8(25.4)a 134.9(22.9)a 163.9(28.0)a 165(46.4)a 
Bluegill 136.9(10.6)ab 138.4(16.3)a 181.4(9.2)b 152.2(12.I)a 
Golden shiner 80.7(I6.6)a 66.3(I6.5)b 69.2(I6.5)ab 8I.3(9.8)a 
Bass Production (g/m2) 14.09 9.55 13.95 17.69 
Bluegill 16.89 17.87 13.30 21.36 
Golden shiner 9.88 5.52 6.30 10.27 
Total 	production 40.86 32.94 33.55 49.32 
Reproduction 
Bass Total eggs 15,700 10,500 5800 13,000 
Bluegills 98,100 149,300 25,900 86,800 
Bass Total eggs/spawn 1750 1860 830 1860 
Bluegill 7550 8780 6500 5800 
Bass Avg eggs/female 1210 1350 1350 1630 
Bluegill 7550 6490 5200 7240 
Bass Juvenile 	no. 76 746 369 304 
Bluegill 17 105 95 65 
Bass Juv. avg. wgt (g) 20.2(34.6)a 5.0(1.I)b 14.8(13.9)c 8.0(12.4)d 
Bluegill 11.7(12)a 7.0(5.6)a 7.5(5.6)a 8.0(7.9)a 
Bass juvenile biomass (g/m') 3.3 7.6 I1.3 5.0 
Bluegill 0.4 1.5 1.5 1.1 
Bass juvenile survivalb 0.048 7.1 6.4 2.3 
Bluegill 0.017 0.70 0.65 0.075 
Bluegill % hatch 86(7.1)a 67(15.8)a 87(10.6)a 89(6.3)a 
Bluegill Avg size (mm) 1.24a 1.29b 1.30bc I.25a 
1.32c 
' % of numbers originally stocked, remaining plus sampled fish 
b number of juveniles/eggs produced 
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effluent) followed by Stream 1 (control), Stream 4 (4% effluent) and Stream 3 (Con-
trol) (Table 1). Overall, survival, growth (weight) and production were not signif-
icantly altered by exposure to effluent concentrations of 13% v/v. 
Golden shiners reproduced in all streams and juveniles were present in all 
streams for at least the next three months. Shiners are broadcast spawners and the 
numbers of eggs in each stream could not be evaluated. Very few juveniles were 
present on the final sampling date, probably due to predation by the numerous 
juvenile bass. Average numbers of eggs per female bass and bluegill were similar 
in control and treatment streams (Table 1). Total numbers of eggs of bass and sun-
fish were lowest in Stream 4 (4%) due to lower numbers of females, but eggs/ 
female were similar to controls in both treatment streams. The numbers of juve-
nile bass and sunfish from spawns in the streams were lowest in Stream 1 (con-
trol). However, the average size of the bass in Stream 1 was significantly larger 
than those in the three other streams and several were three to four times greater 
than the average size, which is an indication these fish had begun feeding on smaller 
fish. Thus predation by the larger juveniles probably reduced the numbers of ju-
venile bass, and sunfish in Stream 1. The numbers of juvenile bass and bluegill in 
control stream 3 were 6 to 9 times greater than in control stream 1, but the size of 
the bass was significantly less than in all other streams (Table 1). This indicates 
food was limiting, but conversion to consuming fish was probably less than in 
Stream 1. The average size of bluegills was not significantly different in any of the 
streams (Table 1). The numbers and weight of juvenile bass and bluegills in both 
treatment streams was intermediate to the two control streams. Bluegill spawns 
tested for hatching were similar from all streams and eggs size was also similar. 
Thus reproduction response such as eggs/female, egg hatchability, juvenile sur-
vival and growth were not altered by exposure to effluent concentrations up to 
13% of the O+ECF effluent. 
Tables 2 and 3 show the results of several bioindicator measurements taken 
in April and June for bass and April and September for bluegill. The April sample 
was approximately two weeks before bass began spawning and six weeks before 
bluegill spawning began. The June bass and September bluegill samples were af-
ter spawning had ceased for at least two weeks. Six of the 27 bioindicator meas-
urements were significantly different between control streams. These included 
condition factors of female bass and bluegills in April, gonad somatic index (GSI) 
of male bass in April, spleen somatic index (SSI) of female bluegill in April, liver 
somatic index (LSI) of female bass in June, and GSI of male bass in June. During 
April, of the bioindicators measured, only elevation of EROD and P450-1A in liv-
ers of male bass from Stream 2 (13%) were significantly different from controls 
although 4% effluent did not cause this increase. This is consistent with other studies 
(Bankey et al, 1995). After spawning in June, condition factors and GSIs of male 
bass were significantly lower in Stream 2 (13%). EROD activity and P450 1A lev-
els, although still elevated, were not significantly different from bass in control 
streams. Of the bioindicators measured in bluegills, the condition factors of male 
and females from Stream 4 (4%) were significantly greater than controls during 
April, and condition factors of males and GSIs of females were significantly great-
er than controls during September. This may have been due to the lower numbers 
of bluegill in that stream during April and September. All other bioindicators meas-
ured including EROD activity and P450-1A were not significantly different be-
tween bluegill from either of the treatment streams and at least one control stream. 
Generally, only P450-1A of bass and possibly GSI of male bass during the post-
spawning recrudescence period indicate possible adverse effects on the effluent 
on bioindicators, although some differences between control groups were found. 
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4 Conclusions 
Survival growth and production of bass, bluegill and shiners were not significant-
ly altered due to over 500 days of exposure to this biologically treated O+ECF 
effluent in experimental streams. Of the bioindicators measured only P4501A in 
the livers of largemouth bass from 13% effluent was consistently increased com-
pared to control concentrations, and GSIs of male bass post-spawning was the 
only reproductive bioindicator that may have been altered by exposure to efflu-
ent. Other reproductive bioindicators were not significantly different from at least 
one of the controls. Given the number of significant differences in the biomarkers 
measured between the two control streams or one control stream and an effluent 
concentration, the difference found in the GSIs of male bass on one occasion after 
spawning may not have been an effluent effect. Thus, with the exception noted for 
P4501A concentrations, no consistent adverse responses on reproduction due to 
the effluent concentrations of 13%v/v of this O+ECF effluent were found during 
these studies. 
Table 2. Average values of eight bioindicators for male and female bass from April and June sampling periods. 
Aprils 	1993 Juneb 1993 
ST I 	ST3 	ST4 ST2 ST I ST3 ST4 ST2 
Parameter 	 Control 	Control 	(4%) (13%) Control Control (4%) (13%) 
CF," 	 M 	1.32(0.09)a 	1.26(0.01)a 	1.21(0.06)a 1.30(0.06)a 1.26(0.06)a 1.25(0.01)a 1.25(0.10)a 1.18(0.08)b 
CF F` 	1.35(0.09)bc 	1.28(0.05)a 	1.30(0.01)ab 1.41(0.01)c 1.26(0.01)ab 1.30(0.09)ab 1.28(0.02)a 1.22(0.05)b 
I5I9 	 M 	I2.I(I.12)ab 	11.2(2.4D)ab 	D2.D(0.41)b 10.9(0.81)a 9.D(2.3)ac 8.2(I.6)ab 10.6(2.4)c 7.D(D.0)b 
LSI F 	20.1(3.02)a 	20.3(2.08)a 	20.1(2.20)a 18.8(0.96)a 8.2(1.0)a 9.1(1.5)bc II.3(1.3)c 1.8(1.6)ab 
SW 	 M 	0.63(0.24)a 	0.52(0.11)ab 	0.42(0.06)b 0.61(0.22)ab 0.69(0.D9)a 0.69(0.3 D)a 0.6D(0.20)a 0.56(0.19)a 
SSI F 	0.36(0.01)a 	0.41(0.03)b 	0.SO(0.09)b 0.51(0.I3)ab 0.85(0.34)a 0.65(0.I1)a 0.18(0.D1)a 0.51(0.I4)a 
GSD' 	 M 	8.5(2.2)a 	6.9(l.I)a 	1.4(0.01)a 1.9(l.6)a 1.8(0.5)a 0.1(0.2)b 0.6(0.2)bc 0.5(0.1)c 
GSI F 	89.6(36.3)ab 	94.5(14.3)ab 	102.8(5.0)b D13.6(1.1)a 11.3(3.4)a 10.1(2.8)a 8.6(0.1)a 10.1(2.8)a 
Test (pg/mgy 	M 	1340(516)a 	198(366)ab 	920(341)ab 628(162)b 149(36)a 128(51)a 112(49)a 121(19)a 
Test (pg/mg) 	F 	2240( I 060)a 4640(2850)ab 3310( I 300)ab 1100(5I10)b 28I(I82)a I8I(86)ab I8I(33)ab 141(31)b 
11(3E. (pg/mg)k 	M 	51(25)a 	134(98)a 	128(80)a 13(49)a 12(35)a 203(452)a 10(29)a 68(35)a 
11(3E. (pg/mg) 	F 	1800(1060)a 	3360(1090)a 	4180(2150)a 2140(433)a 81(41)a 94(16)a 65(44)a 16(33)a 
EROD' 	 M 	316(111 )ab 	235(53)a 	405( I 53)b 819(266)c 26I(D3I )ab 266(60)b 203(13)b 364(10)a 
P450-IA (ng/mg) 	M 	10.1(7.0)a 	10.2(5.I)a 	31.0(9.8)b 62.0(1.6)c 16.7(4.I)ab I 1.8(4.0)a 16.5(7.4)a 29.0(3.6b)b 
' April — stream 	I sample = 4 males, 7 females, stream 3 sample = 	5 males, 3 females, stream 4 sample = 	6 males, 4 females, 
stream 2 sample = 7 males, 5 females 
" June — stream 	I 	sample = 8 males, 8 females, stream 3 sample = 8 males, 7 females, stream 4 sample 	= 	8 males, 2 females, 
stream 2 sample = 8 males, 6 females 
`Values within the same sex category and date, followed by the same 	letter are statistically not significantly different. Values 	within 
the same sex category and date, with no letters in common are significantly different (p±0.05). 
" CF — condition factors.Values 	in 	parentheses 	are standard 	deviations 	(SD). 
M — Males 	' F — Females 	g LSI — Liver Somatic Indices " SSI — Spleen Somatic Indices 
GSI — Gonad Somatic Indices 	i Test. — Testosterone " 	I1bE. — 17b-Estradiol ' (pmol/min /mg) 
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Table 3. Average values of seven bioindicators for male and female bluegill during April and September sampling periods. 
Aprila 1993 	 Septemberb 1993 
STI 	ST3 	ST4 	ST2 	STD 	ST3 	ST4 	ST2 
Control Control (4%) (13%) Control Control (4%) (13%) 
CFLd M 2.0I(0.D6)a 2.08(0.I5)ab 2.28(0.I9)c 2.I5(0.22)bc I.I9(0.I3)a 2.02(0.D3)a 2.2D(0.20)b 2.03(0.10)a 
CF F` 2.03(0.1 3)a 1.96(0.16)b 2.18(0.22)c 2.05(0.14)a 1.85(0.13)a 1.90(0.10)ab 2.06(0.26)b 1.93(0.18)ab 
LS19 M I.13(0.D3)a 1.D0(0.4I)a D.44(0.28)a I.3D(0.D8)a 7.D6(0.96)a 6.96(0.18)a 1.25(2.03)a 1.69(1.69)a 
LSD F 1.09(0.32)a D.32(0.I6)a 1.56(0.22)a 6.84(1.56)a 6.98(I.95)a 8.35(I.96)a 8.I1(1.14)a 
SSI" M 0.1 l (0.03)a (I.1 I (0.03)a 0.11(0.03)a 0.11(0.03)a 0.19(0.10)a 0.67(0.11)a 0.58(0.40)b 0.10(0.10)a 
SSI F 0.I5(0.08)a 0.I2(0.00)a 0.11(0.04)a 0.94(0.49)a 0.66(0.28)a 0.62(0.D1)a 0.63(0.20)a 
GSI' M 0.39(0.06)a 0.29(0.08)b 0.42(0.I6)ab 0.43(0.23)ab 2.06(0.85)a I.93(0.81)a 3.00(I.96)a 3.00(I.30)a 
GSI F I.63(0.59)a I.48(0.I8)a I.14(0.51)a 	2 I .28( I 9.04)ab 10.12(I.68)b 41.96(I1.11)c 28.I0(22.01)ac 
Test. (pg/mg)i M 1510(1030)a 1510(910)a 1320(615)a 1850(1130)a 325(133)a 264(110)a 296(131)a 191(41)a 
Test. (pg/mg) F 161(45I)a D040(138)a II10(l030)a 245(I24)a 3 1 0(64)a 3I3(89)a 
11(3E. (pg/mg)k M I05(41)a I 00(64)a 68(30)a 13(49)a 92(38)a 109(21)a D0I(28)a I2I(50)a 
11(3E. (pg/mg) F 924(88 1 )a I 840(693)a I 030(262)a 33D(66)a 141(40)a 223(1 6 [)a D51(40)a 
EROD' M 130(72)a 60(26)a 50(45)a 78(44)a 70(35)a 78(34)a 101(34)a 48(23)a 
' April — Stream I sample = 6 males, 6 females, stream 3 sample = 10 males, 2 females, stream 4 sample = 6 males, 0 females, 
streams 2 sample = 7 males, 3 females 
" September — Stream I sample = 7 males, 7 females, stream 3 sample = 7 males, 7 females, stream 4 sample = 7 males 4 fe-
males, stream 2 sample = 4 males, 7 females 
Values, within the same sex category and date, followed by the same letter are statistically not significantly different. 
CF — condition factor.Values within parentheses are standard deviations (SD). 
M — Males 	' F — Females 	g LSI — Liver Somatic Indices 	" SSI — Spleen Somatic Indices 
GSI — Gonad Somatic Indices 	i Test — Testosterone 	 k 17 3E — 11(3-Estradiol 	' (pmol/min/mg) 
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Masculinisation of adult female 
Mosquitofish (Gambusia affinis 
affinis) exposed to pulp and paper 
mill wastewaters 
R.J. E11is'~, M.R. van den Heuvel', T.R. Stuthridgei, L.H. McCarthy' and 
D.R. Dietrich4 
' NZ Forest Research Institute Ltd, Rotorua, New Zealand 
z Ryerson Polytechnic University, Toronto, Canada 
3 University of Waikato, Hamilton, New Zealand 
4 University of Konstanz, Konstanz, Germany 
Adult female Mosquitofish Gambusia affinis affinis, were exposed to pulp mill 
waste waters prior to and after secondary treatment in an aerated stabilisation 
basin system, to investigate gonopodial morphogenesis. Filtered and unfiltered 
treatments were utilised enabling examination of the route of exposure to the com-
pounds responsible for the observed effects. 
In a 21-day laboratory exposure Mosquitofish were exposed to pre-second-
ary treatment wastewater (filtered and unfiltered) at a 15% concentration, post-
secondary treatment wastewater (filtered and unfiltered) at 15%, (the receiving 
water dilution concentration) and 70% unfiltered post-secondary treatment waste-
water. Dechlorinated city water was used for reference and diluent waters. 
Samples were taken for histopathology of primary sex organs, tissue chemis-
try and analyses of vitellogen and steroid hormone levels. Gonopodial length was 
measured as was individual length and weight. 
All unfiltered test treatments induced the development of gonopodia in adult 
female Mosquitofish. A 30% decrease in this response was observed following sec-
ondary treatment. Typical male reproductive behavior was displayed by mascu-
linised females, including mating attempts with non-masculinised females. Fur-
ther results will be discussed in detail, including results following filtration of pre-
and post-treatment wastewaters. 
...............................................The  Finnish Environment 417 
The estrogen mimicking potential of 
effluent from a CEHO type paper mill 
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Abstract 
The role that estrogen plays in reproduction has been heavily studied in recent 
years. Alteration of reproduction by environmental chemicals points towards com-
pounds that mimic estradiol or inhibit its action. Several reports suggest that fish 
exposed to paper mill effluents are unable to reproduce. There has been a concert-
ed effort to identify effluent components that may be estrogenic with variable suc-
cess. A great deal of attention has been paid to phytoestrogens that are concentrat-
ed in the pulping process or resin acids. Paper mills using elemental chlorine in 
the bleaching process have been targeted as the main culprits of environmental 
pollution. 
The Georgia-Pacific paper mill in Rice Creek is planning to upgrade its facil-
ities to 100% chlorine dioxide. It currently uses a mixture of elemental chlorine 
(C), sodium hydroxide (E), sodium hypochlorite (H) and chlorine dioxide (D) in 
the bleaching process. To determine the effects of this processing system on fish 
reproductive parameters, we exposed largemouth bass to varying concentrations 
of effluent (0, 10, 20, 40 and 80%) for 7 days, one month and two months. Exposure 
to the higher levels of effluent (40-80%) even for as short a time as 7 days, resulted 
in decreased circulating levels of sex steroids and vitellogenin in largemouth bass, 
parameters that point to disruption of the endocrine system. 
Because the molecular target of estradiol is in the liver at the level of gene 
expression, we analyzed livers from exposed fish for changes in messenger RNA 
levels. Initial experiments with male fish treated with 80% effluent for 7 days show 
that the treatment causes altered gene expression, but not via the estrogen cas-
cade, as observed by the fact that the gene expression pattern for E2-treated fish 
was substantially different than that of both effluent-treated fish and controls. Ex-
periments with male fish treated for 2 months with the same level of effluent show 
similar results, yet during this time interval we have observed physiological alter-
ations of the endocrine system. We are currently examining the possibility of anti-
estrogenic or other effects by comparing gene expression of treated mature female 
fish with controls. 
Keywords: pulp mill effluents, estrogen, estrogen receptor, estradiol, endocrine dis-
ruptors, mRNA, differential display PCR, largemouth bass 
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I Introduction 
Fish exposed to bleached kraft pulp mill effluent generally exhibit altered repro-
ductive function. Several studies have indicated changes in a number of biochem-
ical responses including reduced ovarian development, reduced egg size, decreased 
fecundity (number of eggs per females), delayed sexual maturation and reduced 
levels of circulating sex hormones compared to fish from reference sites (Munkit-
trick et al., 1998; van der Kraak et al, 1992). Some studies have attributed the dys-
function to endocrine disruption, possibly through the androgen receptor or 
through the estrogen receptor (Mellanen et al., 1996; Tremblay and Van der Kraak, 
1999). We have observed similar alterations in reproductive function in largemouth 
bass exposed to effluents from a paper mill at Rice Creek in Central Florida. 
The paper mill at Rice Creek still uses elemental chlorine (C) to bleach pulp 
followed by treatment with sodium hydroxide (E), sodium hypochorite (H) and 
chlorine dioxide (D). The mill will be improving its treatment regiment in the near 
future to include chlorine dioxide instead of elemental chlorine and oxygen and 
hydrogen peroxide instead of sodium hypochlorite. The main focus of the study 
was to examine changes in reproductive function in largemouth bass exposed to 
mill effluents and to correlate these changes with changes in gene induction fin-
gerprints at the molecular level. We tested the hypothesis that endocrine disrup-
tion was due to interactions with contaminants in the paper mill effluents that 
may behave as estrogens. 
Estrogen and estrogen mimics interact directly with the estrogen receptor 
and have immediate effects on gene transcription by turning on the expression of 
a unique set of genes. Using differential display RT-PCR, we have started to ex-
plore the genes that are induced by exposure to the effluents from Rice Creek. We 
find that while some unique genes are induced by exposure to 80% effluent, these 
are not the same set induced by exposure to estradiol. 
2 Methodology 
2.1 Effluent samples, exposures and fish sampling 
A set of 1500 L tanks were used in constant flow experiments with effluents direct-
ly from the mill. Digital flow meters were used on each tank to obtain the desired 
effluent concentration after dilution with well water. Largemouth bass in prime 
reproduction (over 1.5 yrs of age and about 300 g average weight) were exposed to 
0, 10%, 20%, 40% and 80% effluent for either 7, 28 or 56 days. At the end of the 
treatment fish were weighed, bled, and euthanized. Samples of gonads and livers 
were taken for histopathology and a small sample of liver was frozen immediately 
in liquid nitrogen for RNA analyses. In a separate experiment, male largemouth 
bass were injected with 2 mg/Kg 17-bEstradiol in DMSO, or just DMSO for a con-
trol. 
2.2 RNA preparation 
Total RNA was isolated from the frozen liver samples using the Qiagen RNeasy 
Mini Kit RNA extraction columns. Traces of RNase were removed by treating the 
eluted RNA with proteinase K and traces of DNA were removed by DNase treat-
ment (Denslow et al, 1999). The quantity of the isolated RNA was determined by 
measuring the absorbance at 260 nm, and the integrity (or quality) of the RNA was 
assessed by determining the ratio of absorbances at 260 nm and 280 nm, and by 
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observing the relative intensities of the two rRNA bands resolved by electrophore-
sis on a 1.5% formaldehyde-agarose gel. The 28S band should be about twice the 
intensity of the 18S band when stained with 1% ethidium bromide. 
2.3 Gene induction fingerprints using differential display RT-PCR 
(DD RT PCR) 
DD RT-PCR reactions were performed with the RNAimage mRNA Differential 
Display system (GenHunter, Nashville, TN) using one-base anchored oligo-dT 
primers (Denslow et al., 1999). DNase-treated total RNA (0.2 jtg) was transcribed 
using 0.2 tM of H-T11C or H- T11A anchor primer, and 100 U MMLV reverse tran-
scriptase as described by the manufacturer. PCR reactions (20 µl) were performed 
using the RNAimage protocol. The final reaction mixture contained one- tenth 
volume of the reverse transcription reaction described above, 0.2 µM anchor and 
arbitrary primers, 2µM dNTP, 2.5 tCi a["P]-dATP (2000-4000 Ci/mmol) and 1U 
AmpliTaq DNA Polymerase in the buffer provided with the kit. The primer pairs 
used in this experiment consisted of anchor primer H- T11C paired with arbitrary 
primer H-AP-1 or H-AP-3, or anchor primer H- T11A paired with arbitrary primer 
H-AP-5 or H-AP-6. PCR amplified products were separated by electrophoresis on 
5% denaturing Long Ranger gels. The gels were then dried under vacuum at 80°C 
and exposed to Biomax MR X-ray film for 18-72 hours. 
3 Results and discussion 
The physiological results of exposure of largemouth bass to the effluents from the 
paper mill at Rice Creek are described in the accompanying papers (Gross et al, 
this proceedings). In particular, exposed female fish had significantly reduced lev-
els of vitellogenin and both male and female fish had reduced levels of circulating 
endogenous hormones. The focus of this study was to measure the gene expres-
sion profiles of the livers of fish exposed to the paper mill effluents. 
Differential display PCR (Liang et al. 1994) is a technique which can be used 
to determine gene induction profiles for specific hormones. With this technique, 
mRNAs in control tissues can be compared one to one with mRNAs in treated 
tissues. The method enables one to subdivide the total group of expressed mR-
NAs (estimated to be 10,000-15,000 in liver) into different pools which can then be 
studied individually. This is accomplished using specially designed primers to 
amplify differently sized portions of the 3'end of mRNAs which are separated 
from each other by size using denaturing acrylamide gel electrophoresis. The idea 
is to perform the same reactions both in control and treated tissues and to compare 
these side by side. Because feral fish were used in this experiment, and to avoid 
dealing with false positives, the control and treated groups consisted of three dif-
ferent animals each. As expected, the primer pairs used amplified a number of 
different mRNAs from the total pool. Figure 1 is an example of one such pool for 
fish treated with effluent for 7 days. The first three lanes contain samples from 
three different fish treated with 80% pulp mill effluent. The next three lanes con-
tain three different control fish, and the next three are E2-treated fish. There are 
several mRNAs in this pool that are present in the livers of all animals, treated or 
not. These are mRNAs that are expressed constitutively in liver tissue. However, 
some bands appear only in the Ez treated animals (marked with arrows on the 
right hand of the figure); these correspond to mRNAs that are induced by the 
treatment. Some bands appear only in the fish treated with 80% effluent (marked 
with arrows on the left hand of the figure). We do not consider any bands that 
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appear in single animals because they may be due to variation between animals. 
The scored bands can then be cut out from the gel, re-amplified by PCR, and cloned 
into plasmid vectors for sequence analysis. If the sequence is present in the data-
bases, then the identity of the band can be determined. 
To date, we have used 8 different primer pairs (out of the possible 240) with 
largemouth bass exposed to paper mill effluents. It is apparent that the set of mR-
NAs present in the livers of effluent treated fish appear more like those in untreat-
ed control fish than E2-treated fish, suggesting that the Rice Creek effluents do not 
contain estrogen-like compounds. We do however, see a few mRNAs that appear 
to be preferentially expressed in fish treated with pulp mill effluent. This suggests 
that there are compounds in the effluent that change gene transcription, even after 
only 7 days of exposure. To date we have identified only one of the differentially 
transcribed paper mill-induced mRNAs by searching the available databases. This 
band was identified as Cyp 1A, a protein known to be induced by exposure of fish 
to pulp and paper mill effluents (Munkittrick et al., 1998). The results with 56 day 
treated male fish were similar to the 7 day treatment group, suggesting that for 
monitoring events at the mRNA level, a short treatment study is sufficient. 
80% C E2 
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Figure 1. Gene expression fingerprints of largemouth bass treated with 80% effluent for 7 days 
compared to controls and to E2 treated fish.Autoradiogram of total RNA amplified with anchor 
primer HT,,-A and arbitrary primer H-AP6 in a cocktail containing dNTPs and 2.5 pCi -f 3P]-
dATP and loaded into a sequencing gei.Arrows on the right point to mRNAs that are induced 
by E2 treatment and arrows on the left point to mRNAs that are induced by treatment with the 
effluent 
We are repeating the fingerprinting experiments with more primer pairs to find 
additional genes that are induced or suppressed by the treatment with 80% efflu-
ent. We will compare this set of results with fish exposed to much lower levels of 
E2 administered by injection, to better simulate the concentrations expected from 
the environment. 
DD RT-PCR is a powerful method to chart out molecular fingerprints of gene 
induction and suppression in fish treated with environmental contaminants. The 
exposures can be done in vivo — normally short-term exposures are sufficient — 
thus allowing an integrative final outcome, while the endpoint measurements, 
made at the molecular level, are specific for the mechanisms of action. These ex- 
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periments bridge the distance between in vitro assays that measure interactions 
with the receptor in a non-physiological setup, which may make them poor pre-
dictors of physiological outcomes (Zacharewski et al., 1995), and in vivo assays 
that measure physiological outcomes but cannot pinpoint a mechanism of action 
(Jobling et al., 1996). 
4 Conclusions 
Exposure of largemouth bass to effluents from a CEHD type paper mill 
show reduced levels of steroid hormones and reduced vitellogenin levels in 
females. 
The gene expression fingerprint for effluent exposed fish is different from 
that of fish exposed to estradiol, suggesting that endocrine disruption is not 
occurring through direct agonist effects on the estrogen receptor. 
We have identified CyplA as one gene that is induced by the exposure, a 
finding that is in agreement with prior work by others in this area. We are 
looking for additional genes. 
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Abstract 
Over that last several years we have been conducting detailed endocrine assess-
ments of wild fish exposed to pulp and paper mill effluents at a number of loca-
tions. These studies initially identified reductions in gonadal size, increased age to 
maturation, reduced expression of secondary sex characteristics and reductions in 
circulating levels of the major reproductive sex steroids. Over the next several 
years we expanded our studies to examine in more detail other endocrine end-
points in attempts to identify the mechanisms responsible for this altered repro-
ductive function. This included examination of in vitro steroid productive capaci-
ty, substrate availability, enzyme efficiencies, gonadal apoptosis, stress protein 
(hsp70) expression, circulating and pituitary gonadotropin levels, steroid binding 
proteins, hepatic and gonadal oxidative stress, circulating vitellogenin levels, he-
patic estrogen receptors, gonadal androgen receptors, prostaglandins and steroid 
metabolism. In more recent studies we have also begun to examine effluents from 
various mills to determine whether estrogenic or androgenic compounds are 
present using a number of in vitro endocrine assays. Other studies have focused 
on characterizing active compounds accumulated in fish from short term and life-
time exposures. We have just initiated studies as part of the Northern Rivers Eco-
system Initiative that will examine in detail reproductive endocrine function in 
wild fish downstream of three mills within the Northern River Basins. The NREI 
endocrine program was developed to address recommendations to the conclu-
sions of the Northern River Basins Study that identified a number of potential 
sites for endocrine disruption within the basins. This study represents the first 
time that all of these reproductive endpoints will be used on the same fish species 
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during the same fish collections. In addition to the wild fish studies, we have ini-
tiated a project that will also examine effluents from these locations for potential 
endocrine activity. Effluent extracts will be tested for their ability to bind to estro-
gen and androgen receptors as well as to steroid binding proteins. Comparisons 
will then be made between wild fish results and in vitro results prior to follow-up 
studies. This program is supported through the Northern Rivers Ecosystem Initi-
ative and the new Toxic Substances Research Initiative and is a large collaborative 
study involving the Canadian Federal Government, the Alberta Provincial Gov-
ernment, universities including McMaster, Guelph, and Florida and private in-
dustry including Weyerhaeuser, Millar Western, and Alberta Newsprint. 
Keywords: reproductive evaluation of wild fish, effluent screening for endocrine 
activity 
I Introduction 
Early Swedish studies reported a number of impacts on wild fish exposed to efflu-
ents from pulp and paper mills including reductions in gonadal size (reviewed in 
Sodergren, 1989). Similar studies conducted in the late 1980's in Canada reported 
similar reproductive alterations (McMaster et al., 1991; Munkittrick et al., 1991). 
Our studies at Jackfish Bay on Lake Superior demonstrated a number of repro-
ductive alterations including reductions in gonadal size, increased age to matura-
tion, reduced expression of secondary sex characteristics and reductions in circu-
lating levels of the major reproductive sex steroids (McMaster et al., 1991; Munkit-
trick et al., 1991, 1994). These early Jackfish Bay observations prompted a survey 
of other large Ontario pulp and paper mills to determine whether similar repro-
ductive alterations were present at other locations utilizing different process and 
treatment strategies. The results indicated that the absence of chlorine bleaching 
or the presence of secondary treatment did not eliminate responses in fish, includ-
ing decreased circulating levels of sex steroids and decreased gonadal size (Munkit-
trick et al., 1994). 
In the early 1990's these studies were expanded to examine the mechanisms 
responsible for the reproductive alterations. Detailed studies examining the pitu-
itary-gonadal axis in white sucker exposed to bleached kraft mill effluent, identi-
fied reductions in circulating levels of gonadotropin and a reduced stimulated 
response to an intraperitoneal injection of GnRH. These fish also demonstrated 
reduced steroidal responses to this injection and gonadal tissue incubated in vitro 
produced reduced steroid levels under basal and hCG induced conditions (Van 
Der Kraak et al., 1992). Further studies on steroid production by gonadal tissue 
determined that alterations were occurring downstream of cAMP formation at the 
level of substrate availability and enzyme efficiencies within the steroid biosyn-
thetic pathway (McMaster et al., 1995a, 1996). More recent studies suggest that 
reduced substrates may be the result of increased levels of oxidative stress in go-
nadal tissue (Van Der Kraak and Oakes unpubl. data). Apoptosis (programmed 
cell death) is the primary cellular mechanism controlling testicular and ovarian 
follicle selection and differentiation. Increased apoptosis has been observed in white 
sucker following exposure to pulp mill effluent at these sites (Jani et al. 1997). We 
have also developed assays for the measurement of plasma levels of sex steroid 
binding globulin (SSBG), a plasma transport protein for sex steroids. Key end-
points commonly used for estrogenic exposure are intersex (commonly testis-ova) 
and vitellogenin (Vtg) production. Studies that we have conducted downstream 
of pulp and paper mill locations in Canada suggest that Vtg levels are either sim-
ilar to reference sites or are reduced in female fish downstream of discharges, cor- 
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responding to the reduced circulating 17(-estradiol levels (Nickle et al., 1997). Other 
assays that we have transferred for use in wild fish studies include the affinity and 
capacity of hepatic estrogen and gonadal androgen receptors (Wells and Van Der 
Kraak, unpub. Data). 
In response to the 1991 approval of the Alberta Pacific Pulp Mill in Athabas-
ca, Alberta, Canada, the Northern River Basins Study was launched to investigate 
the cumulative effects of development on the Peace, Athabasca and Slave River 
basins. The NRBS addressed contaminant and nutrient concerns arising from dis-
charges from pulp and paper mill, municipal and oil sands effluents. Based on a 
basin-wide analysis of gonad morphology and circulating sex steroid levels, there 
was preliminary evidence of sex hormone depressions and an increased numbers 
of sexually immature fish in specific reaches of the basins. The NRBS recommend-
ed that an intensive evaluation of endocrine disruption and reproductive biology 
of fishes throughout the Northern River Basins be conducted. 
2 Methodology 
We have initiated studies to examine in detail, reproductive endocrine function in 
wild fish downstream of three mills within the Northern River Basins. This study 
represents the first time that all of these reproductive endocrine endpoints will be 
used on the same fish species during the same fish collections. In addition to the 
wild fish studies, we will also screen the effluents from these locations for poten-
tial endocrine activity. Effluent extracts will be tested for their ability to bind to 
estrogen and androgen receptors and to steroid binding proteins. Comparisons 
will then be made between wild fish results and in vitro results prior to follow-up 
studies. This program is supported through the Northern Rivers Ecosystem Initi-
ative and the new Toxic Substances Research Initiative and is a large collaborative 
study involving the Canadian Federal Government, the Alberta Provincial Gov-
ernment, universities including McMaster, Guelph, and Florida, and private in-
dustry including Weyerhaeuser, Millar Western and Alberta Newsprint. 
The stated objectives of the NREI endocrine studies are: 
1. to examine in detail reproductive function in fish within identified hot 
spots (pulp mill locations) within the Northern River Basins watershed for 
evidence of endocrine disruption and to compare endocrine function in fish 
with other measures of overall fish performance such as growth, energy 
storage and age structure, 
2. to screen effluents for EDCs capable of interacting with hormone receptors 
in vitro, and 
3. to characterize EDCs accumulated by fish caged in effluents that are associ-
ated with effects in wild fish and/or interacting with hormone receptors 
2.1 Field studies of wild fish 
Our study is designed to assess whole organism responses (i.e. growth, reproduc-
tion, age structure, energy storage) of the selected wild fish species, and compare 
these whole organism responses to our suite of reproductive endocrine endpoints. 
The wild fish studies will focus on two reaches of the Northern River Basins: 1) the 
mainstem of the Athabasca River in the vicinity of Whitecourt, AB; and, 2) the 
Wapiti-Smokey River systems near Grande Prairie, AB. Both areas were identified 
during the NRBS as "hot spots" showing evidence of steroid depressions, tissue 
abnormalities and increased contaminant levels in resident fishes. Longnose suck- 
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er (Catostomus catostomus) have been selected as a sentinel species due its wide 
spread distribution within and between the study areas. This species has been 
previously identified as having depressed steroid levels within the study areas. 
We are also using a second, small-bodied sentinel species to address concerns re-
garding the potential mobility of larger fish species. The in depth species identifi-
cations conducted at the three mills identified the lake chub (Couesius plumbeus) at 
Grande Prairie and the trout perch (Percopsis omiscomaycus) at Whitecourt as the 
most abundant forage fish species. Fish will be measured for length and weight as 
well age to get an estimate of the growth rates of the individuals. Gonadal weight 
will be recorded and fecundities determined as estimates of energy expenditure 
towards reproductive success, and liver weights and fish condition will be record-
ed for an estimate of energy storage. Our framework utilizes these estimates of 
growth, age structure, reproductive investment and energy storage to determine 
the overall health or performance of the fish relative to the reference locations 
(Munkittrick et al., 2000). 
2.2 Suite of reproductive endocrine tools used for wild fish 
collections 
In response to the initial studies, sex steroid hormone levels will again be meas-
ured as follow-up to the original work. In the forage fish species, an in vitro gonad-
al incubation procedure will replace measures of circulating steroid levels. This 
technique has been developed for this purpose so that a measure of reproductive 
fitness can be obtained in species too small to collect sufficient amounts of blood 
(McMaster et al. 1995b). Gonadotropin levels in the blood as well as in the pitui-
tary gland will be monitored in the longnose sucker. Gonadal tissue from both 
large and small species will be collected for histological examination (intersex) as 
well as to examine reproductive status. Plasma will be examined for vitellogenin 
levels in both males and females as well as for the levels of sex steroid binding 
globulin (SSBG). Increased apoptosis has been observed in white sucker following 
exposure to pulp mill effluent. Accordingly, we will quantify the effects of effluent 
exposure on apoptosis. To examine potential changes in the endocrine tissues re-
sponsiveness, the affinity and capacity of hepatic estrogen receptors and gonadal 
androgen receptors will also be determined. We will also measure both hepatic 
MFO activity and indicators of oxidative stress in the liver and gonads of fish at 
these sites. 
2.3 In vitro screening of e f fluents for potential endocrine 
disruptors 
A preliminary study examining pulp and paper effluents for endocrine disrupting 
potential identified some effluents that contained compounds that bind to both 
the estrogen and androgen receptors. In parallel to our wild fish surveys for endo-
crine disruption, we will be conducting a number of different screening techniques 
on these effluents for identification of endocrine disruptive potential. Composite 
samples before and after primary and secondary treatment will be lyophilized 
and extracted to select for lipophilic organics and more hydrophilic, polar com-
pounds. Effluent samples will then be screened using a) both mammalian and fish 
estrogen receptor binding assays, b) fish androgen receptor binding assays, c) 
mammalian AhR-mediated assays and d) fish sex steroid binding proteins assays. 
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2.4 Bioassay-directed chemica! fractionation studies 
If there is a site identified using either the wild fish assessment or the effluent 
screening techniques as demonstrating endocrine activity, we will then apply a 
novel approach where we have recently been successful in characterizing AhR, ER 
and AR ligands accumulated in tissues of wild fish (Hewitt et al., 2000). This ap-
proach addresses bioavailable compounds and accounts for any environmental 
activation processes (photomodification, bacterial, metabolic) of effluent constitu-
ents that may be involved. To address compounds accumulated directly from ef-
fluent, fish collected from an appropriate reference site will be caged at the refer-
ence site and in concentrated final effluent at point of discharge. To investigate 
compounds accumulated from effluent and from the food chain, fish collected 
from the immediate receiving environment will be caged at both the reference site 
and in effluent. Liver tissues will be extracted to investigate accumulated contam-
inants and their metabolites. The ability of components within fractions to com-
pete with radiolabelled endogenous ligands for hormone receptors and steroid 
binding proteins will be identified. 
3 Results and discussion 
As this project has just been initiated there are few results to present. The detailed 
endocrine assessment within the Northern River Basins was initiated in the fall of 
1999. Wild fish collections were conducted on the Smokey-Wapiti River system 
where longnose sucker and lake chub were obtained from 4 to 5 locations includ-
ing downstream of the sewage treatment discharge, downstream of the pulp mill 
discharge and at least two reference locations. Samples taken for all of the endo-
crine endpoints have been shipped to the various collaborating laboratories for 
analysis including the development of an antibody specific for longnose sucker 
vitellogenin. Effluent samples have been received from all participating mills, 
lyophilized and extracted. Extracts are currently being evaluated for endocrine 
potential on both estrogen and androgen receptors and sex steroid binding pro-
teins. 
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Retene (1-methyl-7-isopropylphenantrene) is the product of anaerobic bacterial 
aromisation of abietic acid and is found in sludges of effluent treatment ponds, 
effluents, and receiving water sediments of paper mills using softwood furnish. 
Concentrations in sediments are as high as 2400 µg/g dry weight, and increase 
with depth in inverse relation to concentrations of abietic acid, reflecting bacterial 
conversion, abietic acid toxicity to bacteria, or oxygen gradients. Retene in water 
is accumulated by fish and excreted via the bile, both as parent compound and as 
a metabolite. Sediment retene is bioavailable to fish, as indicated by induction of 
mixed function oxygenase (MFO) enzymes in trout exposed to spiked sediments, 
or to retene-contaminated sediment sampled near pulp mills, and retene accumu-
lation and MFO induction in roach, a benthic fish species captured in areas of 
sediment contamination. Metabolite excretion by trout follows MFO induction, 
implying MFO metabolism of retene. However, retene is non-mutagenic in Ames 
tests, and does not generate DNA adducts in exposed fish. Prolonged exposure of 
trout to waterborne retene results in continuos MFO induction and blue sac dis-
ease in larval trout, a dioxin — like toxicity characterized by yolk sac edema, peri-
cardial edema, haemorrhaging, MFO induction, craniofacial deformities, reduced 
growth, and elevated mortality rates. Preliminary experiments suggest that mech-
anism of toxicity may be oxidative stress. The threshold for toxicity to larval trout 
is less than 32 µg/L of waterborne retene. Pacific herring appear at least as sensi-
tive, while zebrafish are much less so. These data raise concerns about ecological 
effects, specifically the potential for retene to cause impaired recruitment of larval 
fish. To evaluate these risks, further research is needed on mechanisms of toxicity, 
analytical chemistry, bioavailability and toxicity in situ, and recruitment success of 
species spawning in or near contaminated sediments. 
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The role of pulp bleaching in MFO 
induction in rainbow trout 
J.D. Coakley', P.V. Hodson', A.R.P. van Heiningen2 and T.A.Cross' 
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Spent bleaching liquors from pulp bleached with chlorine dioxide were assessed 
for their potency to induce hepatic mixed function oxygenase enzymes (MFO) in 
rainbow trout. Filtrates were collected from kraft mills in Cornwall and Smooth 
Rock Falls, Ontario to assess the potency of filtrates from hardwood and soft wood 
bleaching, respectively. All mill-scale bleaching filtrates induced MFO activity, and 
filtrates from softwood pulp bleaching appeared more potent than filtrates from 
hardwood bleaching. Filtrates from final bleaching stage were most potent, and 
filtrates from the first stage were the least potent. In laboratory bench-scale bleach-
ing experiments, pulp from a softwood kraft mill in Miramichi, New Brunswick 
and a hardwood mill in Nackawik, New Brunswick were bleached via an indus-
try-standard 5-stage chlorine dioxide bleaching sequence. The filtrates were col-
lected and used in fish bioassays to assess MFO-inducing potency. Potency of bench-
scale filtrates to induce MFO activity varied depending on wood furnish (i.e. soft-
wood vs. hardwood) and the bleaching stage, with all bench-scale filtrates being 
much weaker MFO inducers than mill-scale filtrates. Recycled paper mill wash 
water is a possible source of compounds causing increased potency of the mill-
scale filtrates. 
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Abstract 
Juvenile female rainbow trout was exposed for 4.5 months (June to October) to 
two dilutions of untreated and activated sludge treated whole mill effluent from a 
pulp mill producing bleached ECF pulp. Two controls were used, one fed ad libi-
tum and a second receiving 0.5% feed of the body weight. All effluent exposed 
groups were fed ad libitum. Mean weight of the fish was measured monthly. At 
the end of the experiment a number of physiological and biochemical parameters 
were analyzed in order to establish the physiological status of the exposed fish in 
comparison with unexposed fish that obtained ad libitum or restricted amount of 
feed. 
The fish exposed to treated effluent grew significantly more than ad libitum 
control fish until August whereupon growth retarded in fish exposed to the lower 
effluent dilution (400 v/v). The growth of fish exposed to untreated effluent did 
not deviate significantly from the control fed ad libitum. 
The results from the hematological analysis clearly showed that fish fed re-
stricted amount of feed deviated significantly in most parameters as compared 
with the control fed ad libitum. Fish exposed to treated effluent showed a similar 
response pattern as the control fed restricted amount of feed, whereas the fish 
exposed to untreated effluent showed a response pattern that did not deviate from 
the ad libitum control. 
The metabolic parameters suggested that fish exposed to treated effluent had 
a higher metabolic demand than ad libitum control and that the energy allocation 
at the end of the experiment were directed to other processes than growth. The 
responses on hematology were mainly a consequance of the increased energy de-
mand and were not primary effects. The implications of using feed related param-
eters at field studies are discussed. 
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Introduction 
The objective with the present study was to compare effects of untreated and treated 
pulp mill effluent with effect of different feeding regimes on unexposed juvenile 
female rainbow trout during a growth season lasting from the beginning of June 
to the end of October. The hypothesis of the experiment was that metabolic differ-
ences between unexposed fish fed different amounts of feed as well as differences 
between exposed and unexposed fish would occur due to different metabolic de-
mand elicited by endocrine mechanisms. It was further hypothesized that hema-
tological variables and detoxification more would reflect the nutritional status of 
fish rather than the exposure situation. The study was performed by exposing 
juvenile rainbow trout to two dilutions of untreated and activated sludge treated 
whole mill effluent. Two controls were used, one fed ad-libitum and the other 
receiving only 0.5% feed of the body weight. 
Results 
Effluent physical-chemical characteristics are shown in Table 1. 
Table I. Effluent physical-chemical characteristics. 
Parameter 	 Untreated 	 Treated 
Water flow, m3/s 1.0I 1.93 
pH 6.01 7.6 
Conductivity, mSm/m 225 I50 
CODCr, mg/L 1500 350 
BOD7, mg 02/L 730 17 
Tot-N, mg/L 19 8.4 
Tot-P, mg/L 1.6 0.44 
TOC, mg/L 540 110 
AOX, mg/L 4.6 1.7 
EOX, mg/L 0.15 0.04 
Total resin acids, mg/L 6.48 0.07 
Total sterols, mg/L 1.27 0.10 
Site content of conjugated resin acids and phytosterols 
No conspicuous increases of resin acids were observed in fish exposed to treated 
effluent. Bile liquid in fish exposed to untreated effluent showed clear dose-de-
pendent increases of total resin acids. 
Fish exposed to the high dose of untreated effluent (UHD) showed slightly 
increased bile phytosterol levels. Fish exposed to treated effluent exhibited lower 
bile phytosterol concentrations than unexposed control fish fed ad-libitum, and 
the control fed restricted ration exhibited the lowest concentrations. 
Growth 
The mean weight of fish exposed to untreated effluent did not show any signifi-
cant deviation from the control although the mean weight was somewhat higher 
between July and September. The mean weight of the unexposed fish receiving 
restricted (about 0.5% of the body weight) amounts of food differed already after 
one month being significantly lower than for the rest of the test groups. This dif- 
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ference increased thereafter through the rest of the experiment. Fish exposed to 
treated effluent (THD) exhibited a significantly higher mean weight after 8 weeks 
exposure. The difference persisted until the end of September. At this occasion 
also the low dose (TLD) fish had a significantly higher mean weight than the con-
trol. Between the last two measurements the fish in THD grew slower than the 
control and the difference in mean weight was no longer significant at the end of 
the experiment. 
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Figure I. Monthly mean weights (±S.D.) of fish exposed to untreated and treated pulp mill ef-
fluents and restricted and ad-libitum amounts of feed. Statistical significance levels same as in 
table I. 
The food conversion to biomass was highest for the fish exposed to THD until 
August, whereas it was clearly lowest between September and October for this 
group. The fish fed restrictively improved their food conversion, which means 
that the food energy was directed towards growth. The efficiency of the control 
did not change much between the earlier and the later part of the experiment. The 
difference in conversion efficiency was about 15% between the control and the fish 
from THD, which may be considered as a clear difference in metabolic status so 
that the fish in THD seemed to use more energy for other metabolic processes than 
growth. 
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Metabolism 
Variables reflecting energy use and metabolism are presented in Table 2. 
Table 2. Fish physiological variables reflecting energy use and metabolism. Control (control; n = 28) and restricted 
diet control (Restr. cont.; n = 33), untreated effluent low dose (ULD; n = 35) and - high dose (UHD; n = 35) 
and treated effluent low dose (TLD; n = 33) and -high dose ([HD; n = 34).'` = p < 0.05; *'` = p < 0.01; 
= p < 0.01:11. 
Control 	Restr. cont. 	ULD 	UHD 	TLD 	 THD 
Somatic weight (g) 227 ± 46 107 ± 	I6 """ 229 ± 48 229 ± 48 242 ± 49 235 ± 61 
Viscera (g) 27.4 ± 	6.9 14.5 ± 	2.2*** 26.7 ± 	7.5 28.0 ± 6.3 32.3 ± 	6.7** 30.1 	± 	8.8 
Som.weightiviscera 8.3 7.4 8.6 8.2 7.5 7.8 
LSD (%) D.0±0.1 1.4±0.2*** 0.9 ± 0.2 1.0 ± 	0.1 1.1 ±0.1"" 1.1±0.1" 
Condition 	factor (CF) 1.3 	± 	0.1 1.2 ± 	0.1 	""" 1.3 	± 	0.1 1.3 	± 	0.1 1.4 ± 	0.1 	"" 1.3 	± 	0.1 
Muscle water (%) 73.2 ± 	2.0 78.5 ± 0.6 """ 73.5 	± 	1.1 73.1 	± 	1.5 75.9 ± 	1.2 """ 75.3 ± 	1.5 
Muscle lipid 	(%) 0.9 ± 0.4 0.9 ± 0.6 0.9 ± 0.4 I.0 ± 	0.8 D.I 	± 	I.0 0.9 ± 	D.0 
Liver glycogen (%) 4.3 ± 	1.8 4.6 ± 	1.2 3.5 	± 	1.6 4.8 ± 	1.6 3.4 ± 	1.3 " 2.8 ± 	1.2 
EROD 
(pmol x min -I 
x mg prot.-I) 12.7 ± 	7.1 33.4 	± 	16.1**** 9.0 ± 	5.0 '` 	13.8 ± 	6.2 22.0 ± 	11.0*** 22.0 ± 	14.6 * 
Cony (g fish/g food) 
May-August 
September-October 
1.0 
0.95 
1. D 
I.II 
1.1 
0.90 
D.0 
0.97 
1.1 
0.94 
1.1 
0.81 
Note. LSI = liver somatic index; EROD = ethoxyresorufin-0-deethylase 
The differences in growth pattern were reflected in other metabolic variables such 
as liver glycogen content (significantly lower in fish exposed to THD and TLD), 
significantly higher muscle water content (restricted control, TLD and THD) and 
higher liver-somatic indices. The muscle lipid content did not show statistically 
significant differences. However, the fish exposed to treated effluent exhibited a 
very large standard deviation around the mean showing that some fish had ex-
tremely low and some very high muscle lipid content. This may be a function of 
hierachial competition within the groups. The significantly higher LSI may be a 
consequence of a relative change in the muscle constitution between muscle wa-
ter, lipids and protein, reducing the somatic weight in relation to liver size. Note-
worthy is that the lower liver glycogen content in fish from THD was not reflected 
in lower liver-somatic index as compared with control fish. The differences in re-
actions between TLD and THD may be a sign of a slower reaction in TLD exposed 
fish due to lower effluent concentration. For example the LSI as well as the condi-
tion factor and liver glycogen were higher in TLD than in THD. The fish from TLD 
were still growing at the moment of sampling and their food conversion was sim-
ilar to the control, whereas the fish exposed in THD grew noticeably less per given 
amount of food and their LSI, liver glycogen content and condition factor showed 
decreasing trends. Differences in energy utilization were also evident from the 
ratio somatic weight:visceral mass. In the control and in the fish exposed to un-
treated effluent the ratios were very similar, whereas the corresponding ratios in 
fish exposed to treated effluents were similar to the ratio of the fish given restrict-
ed diet. 
The activity of the mixed function oxidase associated EROD enzyme was sig-
nificantly higher in fish given restricted amount of food and in fish exposed to 
TLD and THD as compared to the control (Table 2). 
Exposure to the low dose of untreated effluent (ULD) caused a significantly 
lower EROD activity. Exposure to the high dose of untreated effluent (UHD) did 
not cause any EROD activity change as compared with the control. 
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Hematology 
The results from the hematological analysis are presented in Table 3. 
Table 3. Hematological analysis and differential countings of white blood cells. Groups and n:s same as in Table 2. 
Control Restr. cont. IDLD UHD TLD THD 
Hct (%) 35.6±5.2 43.2±5.0*** 38.3±11.4 36.4±3.6 49.6±6.8*** 45.9±4.7*** 
RBC 	10' t/L 1.4±0.2 1.46±0.1 1.4±0.16 1.4±0.1 2.0±0.1*** 1.1±0.2*** 
Hb mmol/L 1.1 ±0.2 1.3±0.I** 1.2±0.2 1.3±0.2 1.6±0.2'`x'` 1.4±0.1*'`* 
MCHC mM 3.2±0.45 3.1±0.38 3.4±0.4** 3.5±0.3 3.2±0.6 3.1±0.4 
MCH fmol/cell 0.82±0.1 0.9I±0.1*** 0.87±0.12 0.92±0.1 0.8I±0.13 0.86±0.1 
MCV pL 25.4±2.3 29.7±2.8*** 25.5±2.6 25.9±2.5 25.3±4.2 21.8±3.2** 
WBC 1010/L 4.2± 1.0 5.5±2.4*** 3.8± 1.3 4.3± 1.4 5.8± I.4*** 5.1± I3*** 
Lymph. 1010/L 2.1±0.6 3.0± l.5*** 2.1±0.9 2.3±0.9 2.9± 1.0*** 2.8±O.8*** 
Gran.1010 /L 0.86±0.33 1.22±0.7*** 0.67±0.25* 0.82±0.41 1.21±0.5* 0.88±0.42 
Tromb.101°/L 1.23±0.45 1.27±0.64 1.02±0.44 1.21±0.52 1.6±0.69** 1.47±0.6 
ImmRBC 	1012 /L 1.07±0.32 0.95±0.56 1.25±0.63 0.92±0.37 1.38±0.47 1.07±0.34 
Note. Hct = hematocrit; RBC = red blood cells; Hb = hemoglobin; MCHC = mean cellular hemoglobin concentration; 
MCH = mean cell hemoglobin; MCV = mean cell volume;WBC = white blood cells; Lymph. = lymphocytes; Gran. 
granulocytes; Tromb. = trombocytes; and ImmRBC = immature red blood cells. 
As seen from Table 3 the group receiving restricted diet showed a conspicuously 
altered hematological picture as compared with the control that obtained food ad-
libitum. Seven out of eleven variables showed statistically highly significant devi-
ation. Interestingly, the groups exposed to treated effluent (TLD, HD) exhibited a 
very similar response picture indicating that the hematological variables change 
according to both the amount of available energy as well as to exposure. The fish 
exposed to untreated effluent(ULD, HD) showed only minor statististically signif-
icant changes in two parameters e.g. mean cell hemoglobin (MCH) and mean cell 
hemoglobin concentration (MCHC). However, there was no statistically signifi-
cant deviation from the control of the total hemoglobin of these fish. This is indi-
cating that the response on the respiratory capacity was of minor significance in 
these fish. 
The responses on the white blood cell picture largely followed that of the red 
blood cells i.e. fish fed restricted diet and fish exposed to treated effluent respond-
ed in the same way. The total number of white blood cells increased in fish given 
restricted diet and in those exposed to TLD and THD. This was mainly a conse-
quence of an increased number of lymphocytes and granulocytes (restricted diet). 
On the other hand the number of granulocytes slightly decreased in the fish ex-
posed to the low dose of the untreated effluent. No other significant deviation of 
the white blood cell picture occurred in fish exposed to untreated effluent. All in 
all the slightly lower response seen in fish exposed to THD as compared with the 
fish in TLD may have been a consequence of the fact that the former were growing 
less during the last month than the latter group. The higher values in the fish 
exposed to treated effluent as compared with the control seemed to be caused by a 
higher metabolic demand and energy consumption (Table 2). 
a. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	The Finnish Environment 417 
Main conclusions 
The present experiment showed that the amount of feed given to the fish caused 
the most pronounced metabolic and hematological effects. Untreated effluent 
caused fairly few signficant changes in the variables analyzed as compared with 
unexposed fish. Metabolic and hematological variables in fish exposed to treated 
effluent were very much alike those of unexposed fish offered restricted diet. This 
result indicated that treated effluent elevated the metabolic turnover rate in the 
exposed fish followed by an increased energy demand. It is suspected that such an 
increased demand is of endocrinological origin. 
The variability of hematological parameters due to food intake makes the use 
of such parameters questionable in field conditions unless the nutritional status of 
the fish is defined. 
The more pronounced effects observed in fish exposed to treated effluent also 
indicated that biochemical transformation processes may occur in treatment plants. 
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Abstract 
Different methods for removal of organic material (COD) from a TCF bleach plant 
effluent have been tested in pilot plant. Juvenile trout (Oncorhynchus myskiss) 
were raised for 8 weeks in diluted untreated and treated effluent from the mill. 
Subacute effects and propagation were studied on zebra fish (Brachydanio rerio). 
Morphometri, haematology and analysis of liver functions have been carried 
out and the content of fatty acids, sterols and resin acids in the bile determined. 
Small haematological changes were observed for all effluent exposed trout and an 
increased concentration of resin acids in the bile from trout exposed to untreated 
water. There is however no significant impact of any of the effluents tested on fish 
health. 
The removal of COD differs considerably between various treatment proce-
dures. Activated sludge treatment removes most of the easily degradable low 
molecular weight (<3.000 dalton) material whereas chemical precipitation prima-
rily removes the medium weight (app 20.000 dalton) material. Phenolic and col-
oured compounds (lignin, ligasans etc.) are removed to a great extent by chemical 
precipitation but not with biological methods. When combined virtually all or-
ganic material is removed. 
The amounts of fatty and resin acids in the bile of exposed trout are closely 
correlated to the effluent concentrations. For sterols no such correlation exists. Trout 
exposed to effluent from chemical as well as biological treatment has considerable 
less sterols in the bile than trout exposed to effluent from biological treatment. 
This may indicate that the digestibility of sterolic compounds is changed by the 
treatment. 
Keywords: TCF, pulp mill, effluent treatment, trout, subacute test 
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Abstract 
In 1997 NCASI, a non-profit research organization supported by the forest prod-
ucts industry, initiated long-term receiving water studies (LTRWS) at three U.S. 
locations designed to assess the potential effects of pulp and paper mill secondary 
treated effluents on representative receiving waters. A fourth study location was 
added in 1999. Study locations include two rivers in Oregon (McKenzie and Wil-
lamette Rivers), a study site in Pennsylvania (Codorus Creek), and a location in 
Mississippi (Leaf River) representing an unbleached kraft mill, combined effluent 
from a bleached kraft and a recovered fiber mill, and two bleached kraft mills 
respectively. These studies, expected to last for 10 to 20 years, include instream 
monitoring of periphyton, macroinvertebrate, and fish populations with accom-
panying measurements of a range of water and effluent quality parameters. The 
study design includes monitoring stations upstream and downstream of each mill 
discharge which, combined with the long-term study, provides an opportunity to 
assess the significance of temporal and spatial variability for a variety of bioassess-
ment approaches and metrics. The overall study design includes effluent bioassays 
and streamside mesocosms, providing an opportunity to assess the relevance of 
these approaches in assessing in-stream effects. This paper provides a description 
of biological and chemical monitoring parameters for the LTRWS as well as some 
examples of data collected during initial sampling. 
Keywords: river monitoring, effluent, pulp mill, fish, macroinvertebrate, periphy-
ton, bioassay 
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I Introduction 
Long-term receiving water studies (LTRWS) were initiated in 1997 at three U.S. 
mill receiving water locations for the purpose of assessing effluent effects on the 
biological community, with a fourth location added in 1999. The monitoring study 
included the following objectives: 1) determine the environmental compatibility 
of mill effluents, and where compatibility is established determine the margins of 
safety against adverse impacts, 2) document improvements in environmental qual-
ity as contaminant loads are reduced, 3) provide an early indication of any impor-
tant adverse impacts related to mill effluents, and 4) extend the framework for 
interpreting new and subtle measures of aquatic organism and ecosystem health 
(Hall and Miner 1997). 
Selection of study locations (Table 1) was based on the desire to include a 
variety of mill effluent and receiving water types. Included were two locations in 
the Willamette Valley of the Northwest U.S. (McKenzie and Willamette Rivers), 
one in the Susquehanna River basin of Pennsylvania in the Northeast U.S. (Codor-
us Creek), and a large Southern river in Mississippi (Leaf River). These locations 
represent a bleached kraft mill with a relatively small receiving water with high 
effluent concentration, two cold-water salmonid receiving waters receiving efflu-
ent from one bleached, and one unbleached mill with relatively high dilution fac-
tors and a bleached kraft mill discharging to a large Southern river representing a 
diverse warm-water fish assemblage. 
Table I. Description of long-term receiving water study locations. 
Location 	 Mill description 	 Receiving water 
Type 	 Production 	Effluent 	 1Q10 	1Q10 
admt/d 	treatment flow 	% eff. 
(m'/sec) dilution 
Springfield, OR Unbleached kraft 1250-1700 ASB McKenzie 52.4 4.0 
Halsey, OR Bleached kraft 500 ASB Willamette 
(HOCI + H101  + OD) 
Unbleached-recovered 300 AS + ASB 
fiber above mill 
Combined 800 79 0.8 
Spring Grove, PA Bleached kraft 660 AS Codorus 0.5 50 
(Hardwood-D70LEP D) 
(Softwood-OD7 CEo D) 
New Augusta, MS Bleached kraft 1550 AS Leaf 14 5.9 
(DEopDE D) 
Notes: ASB= Aeration stabilization basin, AS = Activated sludge, 1Q10 = 7 day-10 year low flow 
2 Experimental methods 
Each study location included multiple stations upstream and downstream of the 
effluent discharge. For Codorus Creek, three sample sites extended 5.4 km up-
stream of the discharge and two sites 10 km downstream. McKenzie River sample 
stations included four sites extending 14.8 km upstream of the discharge and 5 
sites extending downstream. For the Willamette River, five sample stations ex- 
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tended upstream of the discharge and six stations downstream. A detailed de-
scription of these first three LTRWS study locations was provided by Hall et al. 
(1999). Leaf River sample locations included two sites extending approximately 
10 km upstream of the mill discharge and three sites extending 50 km downstream. 
Each location also included water quality monitoring in an adjoining tributary, 
including Oil Creek which is upstream of the mill discharge on Codorus Creek, 
the Mohawk River which is just downstream of the McKenzie River mill dischzrge, 
the Long Tom River which is directly across the river from the Willamette River 
mill discharge, and Tallahala Creek which enters the Leaf River 8 km above the 
mill discharge. An assessment of tributary stream water quality was considered 
important in understanding any mill effluent effects. Monitoring was initiated in 
September 1997 for the Codorus Creek, McKenzie River, and Willamette River 
study locations and their tributaries. Sampling was initiated on the Leaf River and 
its tributary in July 1999. Sampling components and frequencies are detailed in 
Table 2. 
3 Results and discussion 
Mean values for a few selected water and effluent quality variables are provided 
in Table 3. These are data collected during an initial monitoring period where the 
data set varies from as few as two quarterly effluent samples to as many as 24 
monthly water quality samples depending on the parameter and the date the 
LTRWS was initiated. Average BODS for the four study effluents ranged from 5.0 
to 22.6 mg/L, mean color range was 205 to 953 PCU, and the average COD range 
was 147 to 408 mg/L. These data provide examples of upstream/downstream 
water quality changes based on the addition of effluent as well as the effects of 
tributary streams. The tributary to Codorus Creek, for example, provides substan-
tial additions of total Kjeldahl nitrogen and total phosphorus just upstream of the 
mill discharge. The long-term nature of this study will allow an interpretation of 
upstream/downstream trends in these parameters over the longitudinal profile of 
the sample stations as well as over time. 
Table 2. Long-term receiving water studies— monitoring compomemts. 
Note: P. promelas life-cycle and mesocosm studies carried out one time at each study location. 
Instream Measurements Effluent Characterization 	(quarterly) 
Biological-quarterly Physical-annually Chemical-monthly Chemical Bioassay 
Components Habitat features COD Hardness Chronic- 	P. promelas 
Fish Morphology Color BOD 
Macroinvertebrate Current Conductivity Chlorinated phenolics C.  dubia 
Periphyton Photo record Dissolved oxygen COD Echinoderm 
Interpretation Vegetation Hardness Color Bivalve 
Species Substrate type Nutrients Conductivity Life-cycle- P. promelas 
Composition Metals Fatty acids Mesocosm 
Numbers pH Metals Periphyton 
Health 	indices TOC Nutrients Macroinvertebrate 
Individual Turbidity Phytosterols 
Population Resin acids 
Community Tannin/lignin 
RBP metrics TOC 
TSS 
The Finnish Environment 417 
 
Table 3. Mean values for selected parameters during initial LTRWS monitoring. The order of stations represents the rela-
tive upstream/downstream position with respect to the effluent discharge. Upstream and downstream locations present-
ed here are limited to those closest to the mill discharge point. 
River Station Color, PCU BOD S mg/L COD, mg/L TKN, mg/L TP, mg/L 
McKenzie Upstream 9 II 0.13 0.09 
Effluent 205 22.6 147 3.65 0.52 
Tributary 29 DI 0.20 0.06 
Downstream 10 9 0.16 0.09 
Willamette Upstream 18 14 0.25 0.11 
Tributary 37 25 0.34 0.10 
Effluent 963 24.0 408 
Downstream 22 19 0.26 0.10 
Codorus Creek Tributary 12 9 0.46 0.09 
Upstream 20 20 0.87 0.71 
Effluent 325 6.7 165 2.27 0.23 
Downstream 114 59 1.22 0.17 
Leaf Upstream 44 II 0.41 0.18 
Tributary 45 9 0.52 0.16 
Effluent 618 5.0 345 na na 
Downstream 68 21 0.40 0.16 
Note: na = not available 
Effluents were also characterized during this initial monitoring period with fresh-
water and marine chronic bioassays (Table 4). Response levels were the greatest 
for marine chronic bioassays but in many cases, for both marine and freshwater 
tests, many of the individual test responses had IC25 values greater than the high-
est test concentration. 
Table 4. Mean chronic bioassay response (IC25%v/v effluent) for LTRWS effluents based on two years of quarterly moni-
toring. 
Effluent discharge- 	River 
McKenzie Willamette Codorus Cr. 
Echinoderm sperm/egg fertilization 59.0* 18.8 66.6* 
Bivalve embryo/larval 28.8 3.8 38.0 
Ceriodaphnia dubia- reproduction 45.2 36.3 83.4* 
Pimephales promelas-growth > 100.0 61.0* 94.3* 
Note. *= No effect values (> 100% v/v effluent for freshwater tests and >70% v/v for marine tests) were included 
as actual values in the calculation of means. Data unavailable for the Leaf River effluent. 
Macroinvertebrates and periphyton have been sampled on a quarterly basis since 
the initiation of the study and will continue over the course of the study once 
biologically important seasons have been identified from initial samples. Table 5 
provides a summary of selected parameters for the initial sample at each location. 
Additional parameters measured used in this analysis include biomass, and func-
tional feeding groups for macroinvertebrates, and chlorophyll a and biomass for 
periphyton as well as descriptive metrics for taxonomic distribution. Long-term 
measurements and observations will allow questions to be better addressed as to 
whether upstream/downstream changes have occurred in these two groups of 
aquatic organisms and whether changes are attributable to natural temporal or 
spatial variability or effluent or tributary stream effects. 
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Table 5. Summary of initial macroinvertebrate and periphyton samples for LTRWS locations. Data, representing mean 
values, are for the initial Summer sample and are limited to the location immediately above and below the point of 
effluent discharge. 
River 	 Macroinvertebrates 	 Periphyton 
No./m2 	Total taxa 	EPT taxa 	Diversity H' 	Abundance 	Diversity H' 
fells/cmz 
McKenzie 
Upstream 15.731 70 24 	3.0 701,286 2.0 
Downstream 15,032 68 23 	2.8 419,674 2.1 
Willamette 
Upstream 29,267 67 22 	2.6 2,166,936 2.7 
Downstream 10,260 45 II 	2.5 1,726,822 2.8 
Codorus Cr 
Upstream 12,525 70 II 	2.3 157,092 3.1 
Downstream 12,266 54 9 	2.2 598,336 2.6 
Note: H'= Shannon diversity 
Quarterly fish sampling is being carried out at each location based on a combina-
tion of gear types, including boat and backpack electro fishing, beach seines, and 
trap nets. Initial sampling is being facilitated through a research agreement with 
Western Washington University for Oregon and Pennsylvania locations and 
through the assistance of the Mississippi Fish, Wildlife, and Parks. Initial sam-
pling indicates a diverse fish population at each location (Table 6) with the Oregon 
rivers providing important representatives of the Salmonidae, Cottidae, and 
Cyprinidae, the Pennsylvania location being especially rich in Cyprinidae, Perci-
dae, and Centrarichidae, and the Leaf River in including good representation from 
these last three families as well as a rich assemblage of Catostomidae. Total number 
of fish species ranged from 16 to 31 with the greatest number of species occurring 
in the Leaf River, a warmwater stream, and the fewest in the McKenzie a Coldwa-
ter stream. The interpretation of fish sample data will include species identifica-
tion, as well as fish numbers and individual weights and lengths at each upstream/ 
downstream sample location. In addition, a detailed internal and external autop-
sy of selected focus fish species will be carried out which will also include otolith 
based age determination. LTRWS fish health monitoring is based on measurements 
at the whole organism, and community level with potential effects such as repro-
ductive impairment or changes in community structure assessed through direct 
long term monitoring of the fish population at each LTRWS location. 
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Table 6. Fish species, according to family represented, and total species at the LTRWS locations. 
Number of Species 
Family McKenzie River Willamette River 	Codorus Creek Leaf River 
Acipenseridae 0 D 	 0 0 
Catostomidae 2 2 2 7 
Centrarchidae 0 2 	 7 7 
Clupeidae 0 0 0 3 
Cottidae 4 2 	 I 0 
Cyprinidae 4 5 13 3 
Cyprinodontidae 0 0 	 I 0 
Gasterosteidae I I 0 0 
Hiodontidae 0 0 	 0 
Ictaluridae 0 I I 3 
Lepisosteidae 0 0 	 0 
Mugilidae 0 0 0 I 
Percidae 0 0 	 3 4 
Percopsidae 0 I 0 0 
Petromyzontidae I 0 	 0 0 
Salmonidae 4 4 2 0 
Sciaenidae 0 0 	 0 
Total 	species I6 19 30 31 
4 Conclusions 
Long-term receiving water studies, expected to last 10 to 20 years, have been initi-
ated at four locations in the U.S., representing a variety of mill effluent and receiv-
ing water types. Initial monitoring at these locations has characterized effluent 
quality based on chemistry and chronic bioassay characterization and instream 
measurements of water quality at upstream/downstream locations as well as ad-
jacent tributary streams, and has allowed an interpretation of background water 
quality of potential importance in affecting stream biology. Initial quarterly char-
acterization of periphyton, macroinvertebrate, and fish communities has provid-
ed a base from which natural and temporal variability can be assessed and from 
which an assessment of the relative effects of mill effluent and tributary streams 
can be made. 
5 References 
Bodensteiner, L.R., and W.G. Landis. 1999. Regional multiple-stressor ecological assessment. 
NCASI Year 1 Report: June 15, 1998 to June 14, 1999. Huxley College of Environmental 
Studies, Western Washington University, Bellingham, WA. 
Hall, T.J., R.A. Miner. 1997. Integrated long-term receiving water study methodology develop-
ment. Water Science and Technology 35:315-320. 
Hall, T.J., J.L. Dudley, R.P. Fisher, D.L. Borton. 1999. Integrated long-term receiving water 
studies: Site selection and a description of the selected study sites. TAPPI 99 Interna-
tional Environmental Conference, Technology Park, Atlanta, GA 
0.............................................. The  Finnish Environment 417 
An evaluation of the potential effects 
of papermill effluents on freshwater 
mussels 
............................................... 
Timothy S. Gross1'2, Nicola J. Kernaghan1'2, D. Shane Ruessler1-2 and 
Stewart E. Holma 
' USGS-BRD-Florida Caribbean Science Center, Gainesville, FL 
'College of Veterinary Medicine, Department of Physiological Sciences, Univer-
sity of Florida, Gainesville, FL 
3Georgia Pacific Corporation, Atlanta, GA 
Abstract 
Previous results from our laboratories have indicated altered endocrine parame-
ters for largemouth bass at the St. John's River — Rice Creek confluence and fol-
lowing controlled laboratory exposures to papermill effluents from Georgia Pacif-
ic's Palatka operation. The Palatka facility is currently a mill that utilizes elemen-
tal chlorine in its bleaching process, however, future plans include several up-
dates and process modifications including conversion to chlorine-dioxide bleach-
ing procedures. Utilization of the Palatka mill as a model for the identification of 
potential effluent toxicity effects should be considered a "worst case" scenario for 
hazard assessment. 
Mussels, which have a parasitic larva (glochidia), a lifespan of 50 or more years, 
and live in contact with sediments, suspended particulates, and the water col-
umn, may be good indicators of effects of papermill effluents. However, only one 
study has been conducted to investigate the effects of papermill effluents on juve-
niles of the freshwater mussel, Anodonata imbecillas. In the current study, adult fresh-
water mussels, Elliptio buckleyi, were exposed to papermill effluents in a flow-
through system at five concentrations (0, 10, 20, 40, and 80%) for 56 days. At each 
concentration, 75 caged mussels were exposed to sediments and 50 additional caged 
mussels were exposed to the water column. Little or no mortality was observed 
during these exposures. Sub-lethal effects were analyzed using several endpoints 
including; a body condition index, mantle glycogen concentration, mantle sex ster-
oid concentrations, and necropsy/histopathology. No significant differences were 
observed between mussels exposed to sediments and those exposed to the water 
column. However, mussels exposed to the 40% and 80% concentrations were de-
termined to have significantly decreased mantle sex steroid concentrations. In 
addition, approximately 75% of female mussels were gravid following exposures 
at 0, 10, and 20% effluent, whereas female mussels exposed to 40% and 80% efflu-
ent exhibited altered reproductive status with no gravid individuals. These data 
are similar to our previous results for largemouth bass exposed to papermill efflu-
ents and are among the first to indicate endocrine disruption in an invertebrate 
model. Freshwater mussels, which are sedentary in nature, may indeed be a more 
useful model than fish to characterize exposure to papermill effluent in the envi-
ronment, and to assess the potential modifications in toxicity responses relative to 
future mill process modifications. 
Keywords: papermill effluents, reproductive toxicity, invertebrates, dose-response 
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Introduction 
In a previous study of the effects of papermill effluent on freshwater mussels, ju-
venile Anodonata imbecillis were exposed in a 9-day acute daily-renewal bioassay 
(McKinney et. al., 1996). The results of this study indicated that freshwater mus-
sels may be up to eight times more sensitive than the traditional test species, Ceri-
odaphnia dubia. It was recommended by the authors that USEPA adopt a juvenile 
mussel bioassay to assess the lethality of effluent releases to waters with freshwa-
ter mussel resources. Currently, no research has been conducted to determine the 
effects of papermill effluents on the health or reproductive status of adult fresh-
water mussels. However, in Finland, caged bivalves have been routinely used since 
1984 to monitor exposure from freshwater pulp and papermill effluents (Salazar 
et al., 1997). 
Rice Creek, which receives the discharge from Georgia Pacific's Palatka Mill, 
has historically been reported to support several species of mussel, including El-
liptio buckleyi (Johnson, 1972). This species, while endemic to peninsular Florida, is 
a member of the genus Elliptio, which is common throughout the eastern United 
States. The development of this organism as a bio-indicator of the effects of paper-
mill effluent may therefore be a useful model, which can be applied at mills in 
other regions. 
The objective of this study was to determine the potential effects of papermill 
effluent on the physiological health and reproductive status of the freshwater 
mussel, Elliptio buckleyi. 
Methodology 
Adult Elliptio buckleyi were collected from an experimental pond located at the 
Fisheries Department of the University of Florida in Gainesville, Florida. Mussels 
were exposed to five concentrations of papermill effluent (0%, 10%, 20%, 40%, and 
80%) in a flow through system constructed on site at the Georgia Pacific Mill in 
Palatka, FL. Fifty mussels were sacrificed at each exposure concentration; twenty 
five on the benthos in cages and twenty five in baskets in the water column. Fol-
lowing 56 days of exposure, mussels were collected from the tanks and transport-
ed on ice to the FCSC facility in Gainesville. All mussels were dissected and a wet 
weight was taken on the shell and soft tissues. A body condition index (total wet 
weight to shell length ratio) and a soft tissue index (soft tissue wet weight as a 
percent of total wet weight) were calculated for each mussel. Five mussels from 
each concentration were frozen for future chemical analyses. The remaining twen-
ty mussels were dissected, and mantle and foot wet weights recorded. Mantle 
tissues were analyzed for glycogen concentration using a microtized version of 
the method described by Naimo et al., 1998. 
Foot tissues were analyzed for the following sex steroids: estradiol, proges-
terone and testosterone, using standard radioimmunoassay (RIA) procedures. Tis-
sues were diluted with 3x volume of 30% KOH and incubated for 20 minutes in a 
60°C water bath to facilitate tissue digestion. Tissue digests (150µl) were extracted 
twice with 4 ml diethyl ether prior to RIA analysis. Each sample was analyzed in 
duplicate for each of the sex steroids. Standard curves were prepared in buffer 
with known amounts of radioinert sex steroid (1, 5, 10, 25, 50, 100, 250, 500 and 
1000 pg). Results were calculated as concentrations: pg/g tissue. A potential sex 
specific index, estradiol:testosterone ratio was also calculated as a gender specific 
index. 
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A cross section of the visceral mass was collected from each mussel and fixed 
in Notox®. Samples were paraffin embedded, sectioned (bum) and stained with 
hematoxylin and eosin. Slides were evaluated for gonadal tissues to identify sex 
and reproductive stage. 
Results 
Mussels exposed to paper mill effluent for 56 days exhibited no significant differ-
ences in growth as measured by shell length. However, the Soft Tissue Index (soft 
tissue wet weight as a percentage of total wet weight) of mussels exposed to 80% 
paper mill effluent on the benthos was significantly different from the controls. 
Glycogen concentrations were significantly increased at 20% and 80% concentra-
tions when exposed on the benthos. There were no significant changes in body 
condition index (total wet weight to shell length ratio). 
In terms of reproductive parameters, the percent gravid female mussels was 
significantly reduced when exposed to 40% and 80% papermill effluent (Figure 1). 
In fact, there were no gravid individuals in these treatments in either the benthos 
or water column exposed populations. In addition, when compared to the con-
trols, there were also several significant differences in mantle sex steroid concen-
trations worth noting. Estradiol was significantly reduced in females at 40% and 
80% and in males at 80% (Figure 2). Progesterone was significantly reduced in 
females at 80% and was not affected in males. Conversely, testosterone was signif-
icantly reduced in males at 40% and 80% and not affected in females (Figure 3). No 
significant differences in Estradiol/Testosterone ratios were observed for either 
sex. 
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Figure I. Percent of tota( females gravid following 56 days of exposure to differing doses of pa-
permill effluent * Indicates significant change. 
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Figure 2 - Estradiol concentrations (pg/g) in mantle tissue following 56 days of exposure 
to differing doses of papermill effluent. * Indicates significant change. 
= - Females 	- Males 
1  
m 
0) 
r 1000 
0 
id 
1 
0% 	10% 	20% 	40% 	80% 
Paper PAU Effluent 
Figure 3 - Testosterone concentrations (pg/g) in mantle tissue following 56 days of 
exposure to differing doses of papermill effluent. * Indicates significant change. 
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Conclusions 
These results indicate significant endocrine and reproductive effects of papermill 
effluent exposures for freshwater mussels. Water column and benthic exposures 
both induced similar effects, with little or no mortality. These results are similar to 
those reported for fish (Sepulveda et. al., SETAC Conference 1998 and 1999). How-
ever, while reproductive function and fecundity in fish was unaffected, reproduc-
tion in freshwater mussels was inhibited at the 40% and 80% concentrations. 
Freshwater mussels, exhibit a number of characteristics that make them ideal 
candidates for use both in tank and field studies including; a sessile lifestyle, ex-
posure to both sediments and water column and the ability to undergo complete 
reproductive cycles in tank or caged conditions. 
Future efforts will include additional studies to monitor the effects of plant 
and processing modifications/upgrades and field application of caged mussels to 
the Palatka mill facility. 
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Abstract 
Semipermeable membrane devices (SPMDs) have been used successfully in re-
search of various organic chlorocompounds from polluted watercourses, air and 
contaminated soils. In this article methodological details are briefly described, and 
some case studies of the application of the SPMD method to show up the possible 
leakage of PCBs from an industrial area are presented. The possibilities to use 
SPMDs in the future more in different monitoring programmes are also discussed. 
The monitoring obligations of many harmful substances are explicitly connected 
with the different Directives given by the European Commission, especially the 
coming Water Framework Directive with annexes concerning the main pollutants 
and the priority substances. 
Keywords: passive sampling, SPMD, monitoring, PCBs, chlorophenolics, Water 
Framework Directive 
I Introduction 
One of the main problems in monitoring of many organic toxic or harmful sub-
stances and compounds from the different compartments of the environment are 
the extremely low and usually very rapidly and significantly changing concentra-
tions. By analysing conventionally the manual samples it has been quite impossi-
ble to get reliable and comparable results even in quite obvious pollution situa-
tions. In every case, at least the minimum amount of separate samples for analyses 
and statistical treatment of data should have been so high, that there usually have 
not at all been any economical possibilities to implement the investigations. 
The need for a more sensitive method for monitoring purposes was evident 
and urgent. The long-term passive sampling using semipermeable membranes 
offered in principle a quite suitable method to make continuous measurements of 
the organic pollutants in the environment. 
In the 1980s solvent-filled (hexane) dialysis membranes were used for the 
first time in Sweden to investigate some organic chlorocompounds, e.g. DDTs and 
PCBs from watercourse with relatively good results (Södergren 1984,1987,1990). 
Also the sediments and soil were monitored successfully. In U.S.A. Huckins with 
his co-workers used lipid-filled membranes and investigated e.g. phenanthrene 
and PCBs (Huckins et al. 1990, 1993). They also used lipid-filled SPMDs in survey-
ing an urban stream, which was contaminated with PAHs. 
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Semipermeable membrane devices (SPMD5) are exposed to air, water, soil 
and sediment in order to monitor bioavailable contaminants also by Finnish scien-
tists in Finland and abroad (Herve et al.1995, Rantalainen et al. 1998a, 1998b, 1999). 
Some of these results are discussed here. 
2 Description of methods 
The method in air, soil and water investigations by SPMDs is in principle the same 
for all compartments. The mostly used SPMDs consist of 2.5 cm wide layflat poly-
ethylene membrane tubing (thickness = 80 µm) filled with triolein (99% purity). 
Before deployment the SPMDs are stored at -20 °C in airtight glass containers. 
The watercourse was sampled for four weeks (28 d) in the depth of one meter 
similarly to the mussel incubation. In soil the SPMDs were placed in 10 —15 cm 
depth for 28 days (Rantalainen et al. 1998b). Air sampling was performed in Nepa-
lese homes by hanging the devices to the ceilings for 11 days. The uptake rates of 
the SPMDs for PCDDs, PCDFs and NO-PCBs were determined in a laboratory 
study in water and sediment (Rantalainen et al. 2000) 
After exposure, the surface of the membrane is cleaned and compounds ac-
cumulated by the SPMD devices are isolated by dialysis. The dialysates are ana-
lysed with the same manner as extracts of biological samples. 
3 Results and discussion 
The most employed application of SPMDs, thus far, has been monitoring of pol-
luted watercources. Our work has included parallel mussel deployment, because 
most of the SPMD testing has been carried out in the monitoring sites of the mus-
sel incubation, which has been since 1984 one part of the national monitoring pro-
gramme of harmful substances in Finland. SPMDs and mussels were used simul-
taneously for the first time in the summer 1994 in the recipient watercourse of a 
pulp and paper mill in Central Finland, which was, on basis of earlier investiga-
tions, found to be affected by remarkable PCB loading (Herve et al.1995). Accu-
mulation of persistent chlorohydrocarbon pollutants in mussel and SPMD is com-
pared in Figure 1. 
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Figure I. Mean concentrations of chlorohydrocarbons in lipid of mussel and SPMD incubated 
parallel four weeks in August 1994 in water station KUH near to a contaminated shore in the 
Äänekoski City, Central Finland. The station was upstream of the pulp mill discharge. 
The Finnish Environment 417 	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
Mussel uptake for PCB congeners and DDE is significantly higher than SPMD 
uptake for the same compounds. On the other hand, DDD, DDT, a-HCH and lin-
dane were concentrated by the SPMDs, but were not detectable in the mussels. 
Assuming equilibrium state for studied compounds in mussel and water, concen-
trations of CHCs were estimated in the water column using following equation: 
Cw =CL /0.9IKow 	 (I) 
where CW is contaminant concentration in water, CL concentration in lipid and 
0.91 is assumed density of lipid. This rough estimation (eq. 1) was used because 
bioconcentration factor (BCF) values were not available for compounds studied. 
CHC concentrations in water were also derived from CHC concentrations in 
SPMD lipid using uptake rate values (RS) available in literature (Huckins et al. 
1994, Meadows et al. 1998): 
CW = CL  / RS t 	 (2) 
where RS is uptake rate (1/day g lipid), and t is time (days). Equation 2 is derived 
from Huckins et al. 1993. 
Table I. Concentrations in water (Cw) at station KUH in August 1994 estimated from the results of the parallel deploy 
ment of mussels and SPMDs. 
Mussel 
[ng/g lipid] 
log Kow Cw 
[pg/I] 
SPMD 
[ng/g 	lipid] 
Rs 
[I/day g 	lipid] 
Cw 
[pg/I] 
PCB-101 118 6.38 54 34 3.0 404 
PCB-118 30 6.14 6.0 2.2 4.2 19 
PCB-128 I6 6.74 3.2 ND 3.6 ND 
PCB-138 339 6.83 55 11 4.9 123 
PCB-153 369 6.92 49 20 4.2 166 
PCB-156 43 7.18 3.1 ND 5.5 ND 
PCB-180 220 7.36 II 6.0 7.7 28 
HCB 15 5.14 119 16 8.2 68 
DDE 65 5.50 226 9.8 7.3 48 
DDD ND 6.50 ND 15 5.0 106 
DDT ND 6.02 ND 9.2 4.4 75 
a-HCH ND 4.57 ND 9.8 1.4 250 
LIND ND 3.71 ND 18 0.4 1600 
The concentrations of PCB congeners in water were 2-4 times higher when the 
estimation was based on the SPMD. In contrast, estimated concentration in water 
was two times higher for HCB (hexachlorobenzene) and four times higher for DDE 
when derived from the concentrations in the mussels. 
Based on the results from the SPMD analysis, lindane had the highest con-
centration in water (1.6 ng/1). Mussel failed to detect lindane at all. Detection lim-
its (DL) in analysis of mussel tissue were higher than DL in the SPMD analysis. 
Therefore, lindane concentration in water could not be estimated based on the 
lindane concentration in mussel lipid. 
These experiments have shown that lake mussels (Anodonta piscinalis) collect 
persistent contaminants both by partition through membranes (dissolved com-
pounds) and by food uptake (also particle-bound compounds). In contrast, SP-
MDs collect only dissolved lipophilic substances. Accordingly, parallel deploy-
ment of SPMDs and mussels allows to distinct between dissolved and solid-bound 
parts of bioaccumulative compounds. SPMDs accumulate also chlorophenolics, 
especially bleaching-originated chloroguaiacols (Herve et al. 1995). 
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Similarly, contaminated sediments can be monitored (Rantalainen et al. 1998a). 
Advantage of SPMDs compared to a direct extraction and analysis of solids is that 
background contamination is greatly reduced in the former. Therefore, analysis 
comes simpler and higher sensitivity is achieved. 
Surface soils have been sampled at areas where landfills, pulp and paper mills, 
or saw mills are located. In the same area where the simultaneous trial with the 
mussels and the SPMDs was carried out, the SPMDs were used also in surveys of 
contaminated lake shore soil (Rantalainen et al. 1998b). High levels of hexachlo-
robenzene (HCBz) were found in the SPMDs, and the place of the main leakage 
was estimated. Concentrations of PCBs in the SPMDs were lower, but more equal 
throughout the whole 350 m study area. The SPMDs concentrate the contaminants 
from the air phase inside the soil, and therefore desorption rate of a contaminant 
affect the uptake flux. Differences in soil quality, i.e., moisture, organic carbon 
content, lead to the fact that concentrations of pollutants in SPMDs and soil do not 
correlate. 
SPMDs collect very rapidly lipophilic compounds from gas phase of air. Our 
exercise for indoor air PAHs in Nepal resulted to concentrations, which were sig-
nificantly higher than those in moss (Sphagnum girgensohnii) bags exposed parallel 
(Rantalainen et al. 1999). The PAHs were from combustion origin, not from oil. 
However, moss or other plant material is useful in surveying particle-bound PAHs, 
which are not accumulated by SPMDs. 
Uptake rate into SPMDs depends greatly on lipophilicity and molecular size 
(Huckins et al. 1996). Uptake from soil and sediment is also controlled by desorp-
tion rate from solids. Therefore, if one wants to derive actual concentrations in the 
study environment, kinetic accumulation experiments in laboratory with authen-
tic model substances must be conducted, as was done by Rantalainen et al. (1998b, 
2000). 
4 Conclusions 
In addition to present demonstrated results, SPMDs obviously are proper tools for 
many kind of environmental surveys and monitoring efforts. Already now the 
methods to monitor a large scope of organic pollutants are usable and also very 
feasible even in difficult and heavily polluted conditions. 
The new obligations to provide more accurate information of harmful sub-
stances are included in the coming EU Water Framework Directive, which will 
come into force probably at the end of the year 2000. This will indicate a lot of 
more investigations to find the possible organic pollutants discharging to water-
courses and groundwaters not only from wastewater discharges of municipalities 
and industry but also from different non-point sources. The targets of the directive 
are expressed in the annexes as long lists of substances or compounds, which should 
be monitored. Most of them are persistent organic compounds and bioaccumulat-
able compounds with potential environmental and health consequences. Com-
mon characteristic for these compounds is that they usually occur in very low 
concentrations. 
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Long-term impact of bound 
chlorophenolics in chlorine and ECF 
bleachery discharges: Exposure of 
fish from sediments 
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Abstract 
Pollution of the bottom solids and biota by organochlorines discharged from a 
large bleaching kraft mill and leached from tetrachlorophenol wood preservative 
(Ky-5) production plant into Kymijoki River, South-East Finland has been ana-
lysed intensively in 1990s. Bound (extractable only after strong alkali treatment) 
chlorophenols, catechols and guaiacols in sediment layers were abundant and free 
chlorophenols also elevated in river sediments dowstreams the mills.Their maxi-
ma were at layers 3-8 cm, but significant concentrations were still found in surface 
sediments (0-3 cm) despite that discharges in BKME were very low in 1990s and 
Ky-5 production was stopped in 1984. In background sediment above the mills, 
bound chlorophenolics were non-detectable and the free ones near the limits of 
determination. Nine of the bound chlorophenol congeners were found to bioaccu-
mulate significantly into local fish. In addition, thirteen congeners of their biotrans-
formation products, polychloroanisoles and veratroles were determined up to tens 
of nanograms per gram levels in fish lipids. Their levels in recipient fish were 
significantly higher than in background fish and comparable to concentrations 
which have caused bad taste (tainting). 
Keywords: bioaccumulation, bound chlorophenol, chloroanisole, chloroveratrole, 
sediment, wood preservative 
I Introduction 
High contamination of bottom sediments by organochlorine compounds (OCCs) 
in the Lower Kymijoki River, South-East Finland, originates mainly from forest 
industry in Kuusankoski, where pulp bleaching by chlorine chemicals has been 
taken place since early 1990s, and manufacture of chlorophenol wood preserva-
tive Ky-5 was done from 1945 until 1984. In 1990s, when practically no more OCCs 
were discharged from the mills, ecotoxic effects were found in recipient bottom 
fauna (Vuori and Parkko, 1996).Wide studies have been organized to analyze OCCs 
in sediment and biota of the area and estimate their human health and ecological 
risk (Verta et al. 1999). Ky-5 production leakage was attributed to the elevated 
levels of polychlorinated dibenzo-p-dioxins (PCDDs), dibenzofurans (PCDFs), and 
diphenyl ethers (PCDEs) in sediments. However, only PCDEs were found to bio-
accumulate in significant rate to local biota (Koistinen et al.1995, Verta et al.1999). 
The sediments contained also high levels of chlorophenolics bound to high molec-
ular matter. Their occurrence in sediment was found by Remberger et al. (1986) 
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and pulp bleaching as their major source by Paasivirta et al.(1990, 1992, 1998). 
Formation of bound chlorophenolics already in the first chlorination and extrac-
tion stages has been shown by analyses (Palm et al., 1995). This work includes 
analyses of free and bound chlorophenolics (FPCPs and BPCPs), their biotransfor-
mation products chloroanisoles (PCA) and chloroveratroles (PCV) in the sediments 
of Lower Kymijoki River and in tissues of the local fish. 
2 Methods 
2.1 Sampling 
The sampling areas are shown in Figure 1. 
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Figure 1. Map of the sampling areas on the Lower Kymijoki River. 
Sampling places of the sediments were accumulation bottoms in Pyhäjärvi (back-
ground), and places dowstreams from the pulp and paper mill discharge point 
(Figure 1). Sediments were taken in 1996 with Sandman gravity corer and sliced to 
surface (0-3 cm) and deeper (3 cm high) layers and stored frozen in glass contain-
ers before analyses. Fish were catched from the background area Pyhäjärvi (area 
0) and from areas 1-4 near each sediment place. Catching area 1 included places 
Keltti, Lopotti and near Myllykoski upstreams. Area 2 consisted of Koskenalus-
järvi, Susikoski and upper Muhjärvi. Area 4 included lower Muhjärvi, Hirvivuolle, 
Vastila and Vanhala. Area 5 consisted of Tammijärvi, Ahvenkoski and Ahvenko-
skenlahti. In February 1996 burbot, and in May 1996 perch, pike and bream were 
catched by gill nets, instantly frozen and brought to the laboratory. Homogenized 
composite samples were done from muscles, livers and eggs of same size classes 
of fish from each sampling area (Verta et al. 1999). 
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2.2 Compounds studied 
For structures and name abbreviations of individual compounds observed, see 
Table 1. PCPs, PCCs and PGCs were analyzed from sediment samples, where they 
occurred as free (hexane-extractable; FPCP, FPCC, FPCG) or as bound (extractable 
only with strong alkali; BPCP, BPCC, BPCG). Also PCAs and PCVs were analyzed 
in sediment. From fish tissue homogenates, PCPs, PCCs, PCGs, PCAs and PCVs 
were analyzed. 
2.3 Analysis 
For sediments, methods described in detail by Palm et al. (1991, 1995) were used. 
Fish tissue homogenates were handled according to Mikkelson et al. (1996). Solu-
tions in hexane with internal standards were prepared in cleanup: free and bound 
chlorophenolics as acetates, chloroanisoles and veratroles as original compounds. 
The hexane solutions were injected into GC/LRMS/SIM system following the 
procedure of Mikkelson et al. (1996). Limits of determination were in sediment as 
ng/g dw 1 for FPCPs, 1-5 for BPCPs and 0.02 for PCAs and PCVs. In fish tissue 
lipid the determination limits were as ng /g lw 1 for PCPs, 1-5 for PCAs and PCVs. 
Table I. Chlorophenols, chloroanisoles and chloroveratroles in lower Kymijoki River environment. 
Abbrev. 	Structure name 	 Source * 	Abbrev. 	Structure name 	 Source 
Chlorophenols Chloroanisoles 
23DCP 2,3-dichlorophenol IFM 23DCA 2,3-dichloroanisole 23DCP 
35DCP 3,5-dichlorophenol DFM 35DCA 3,5-dichloroanisole 35DCP 
245TCP 2,4,5-trichlo rop henol BL 24STCA 2,4,5-trichloroaniso le 245TCP 
246TCP 2,46-tricifiorophenol MF > BL 246TCA 2,4,6-trichloroanisole 246TCP 
345TCP 3,4,5-trichiorophenol IFM 345TCA 3,4,5-trichioroanisole 3451CP 
2345TeCP 2,3,4,5-tetrachlorophenol DFM 234STeC 2,3,4,5-tetrachloroanisole 2345TeCP 
2346TeCP 2,3,4,6-tetrachiorophenol MF » BL 2346TeCA 2,3,4,6-tetrachloroanisole 2346TeCP 
PeCP pentachiorophenol MF > BL PeCA PentachIoroansole PeCP 
345TCC 3,4,5-trichlorocatechol BL 
346TCC 3,4,6-trkhlorocatechol BL Chloroveratroles 
TeCC tetrachlorocatechol BL 36DCV 3,6-dichloroveratrole UTS 
45DCG 4,5-dichloroguaiacol BL 45DCV 4,5-dichioroveratrole 45DCG 
456TCG 4,5,6-trichloroguaiacol BL 345TCV 3,4,5-tetrachioroveratrole 345TCG,345TCC 
3451CG 3,4,5-trichloroguaiacol BL 346TCV 3,4,6-trichloroveratrole UTS 
TeCG tetrachloroguaiaicol BL TeCV tetrachloroveratrole TeCG,TeCC 
DMP 3,4,5-trichloro-2,6- 
dimethoxyphenol BL 
DFM = Incinerations, fires, chlorinations and metabolism of other chlorophenolics in environment 
BL = Bleaching of pulp mith chlorine chemicals 
* MF = manufacture of chlorophenol wood preservative by chlorination of phenol 
# Chlorophenol which has been biomethylated or unknown transformation source (UTS) 
3 Results and discussion 
The analysis results as mean concentrations are listed in Tables 2-5. Free chloroph-
enols occurred only near the detection limits and the bound ones were all non-
detectable in the background area Pyhäjärvi (0). Chlorophenol contents in sedi-
ments of areas 1-4 (Table 2) were abundant. PCCs and PCGs were very dominant-
ly in bound form. Their ratios were similar as those in recipient sediment of anoth-
er large kraft mill (Palm and Lammi, 1995). Also ECF bleaching process waters 
contain bound PCCs and PCGs in similar ratios (Palm et al., 1995). In contrast, free 
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and bound 246TCP, 2346TeCP and PeCP occurred in the sediments of areas 1-4 as 
significant higher ratios to PCCs and PCGs than in other previously studied pulp 
mill recipient sediments (Paasivirta et al., 1992, 1998; Palm and Lammi,1995). This 
shows that chlorophenols leaked from wood preservative manufacture occur as 
persistent contaminants in downstream sediments, as also was observed for 
PCDDs, PCDFs and PCDEs, neutral contaminants of the wood preservative Ky-5 
(Koistinen et al. 1995, Verta et al. 1999). In general, both FPCPs and BPCPs de-
creased downstreams from mills in Kuusankoski (sources of contamination). BPCPs 
increased vertically down in sediment layers. This diminishing time trend reflects 
history of the decrease of OCC disharges from the pulp mill. 
Chloroanisoles and chloroveratroles occurred occasionally in recipient area 
sediments (Table 3). The most common and abundant vere 2346TCA, 345TCV, 
346TCV and TeCV. The first from these could be due to Ky-5 leakage, while its 
biomethylation precursor 2346TCP is the main component of this wood preserva-
tive. The chloroveratroles are most probably formed by biotransformation from 
chlorocatechols and chloroguaiacols, which occurred abundantly as bound in the 
sediment layers of the sampling areas. 
Chlorophenolics accumulated in fish in 1996s (Table 4) could not be orginat-
ed from the mill leakages in that time, while the latter were practically zero. In-
stead they, as also PCAs and PCVs (Table 5), were parallel with surface sediment 
contamination by free and bound PCPs, and by bound PCCs and PCGs. For exam-
ple, see Figure 2. 
Table 2. Meam comcentratioms of chlorophenols ng/g in dry sediment. 
Sampling Area Depth 245- 246- 2346- 345 346 45- 456- 345- 
place Nr cm TCP TCP TeCP PeCP TCC TCC TeCC DCG TCG TCG TeCG DMP 
Free chlorophenols (FPCPs) 
Lopotti 1 0-3 0.43 2.11 66.40 26.60 3.00 0.00 0.00 0.44 0.00 0.52 0.34 0.00 
Koskenalusj. 2 0-5 0.10 0.27 57.06 3.77 0.00 0.00 0.00 0.14 0.00 0.00 0.00 0.00 
Muhjdrvi 3 0-3 0.00 0.01 11.20 0.31 0.00 OR 0.00 0.00 0.00 0.10 0.00 0.00 
Tammijårvi 4 0-3 0.00 0.44 11.40 5.56 0.00 0.00 0.00 0.65 0.00 0.00 2.05 DII 
Lopotti 1 3-6 0.36 2.04 51.30 23.00 4.26 0.00 0.00 0.15 0.00 0.12 0.00 0.00 
Koskenalusj. 2 4-8 0.00 0.00 6.00 1.08 0.00 0.00 0.00 0.44 0.00 0.85 0.28 0.00 
Muhjdrvi 3 3-6 0.00 0.05 7.52 0.42 0.00 0.00 0.00 0.04 0.00 0.34 0.00 0.00 
Tammijårvi 4 3-6 0.00 0.62 8.18 2.41 0.00 0.00 0.00 0.12 0.00 1.40 6.81 5.84 
Bound chlorophenols (BPCPs) 
Lopotti I 0-3 2.33 8.02 103.24 26.05 31.01 8.41 14.06 24.15 22.19 6.13 14.10 2.51 
Koskenalusj. 2 0-5 1.46 10.12 51.06 9.40 41.08 0.00 39.51 21.82 29.10 6.10 15.11 6.96 
Muhjdrvi 3 0-3 0.04 1.12 3.98 0.85 3.56 0.00 1.49 3.68 5.10 0.99 2.99 0.94 
Tammijårvi 4 0-3 0.31 3.10 12.45 1.29 19.61 0.00 13.18 5.85 9.21 1.16 5.54 2.41 
Lopotti 1 3-6 3.54 20.14 143.96 29.16 92.11 9.51 51.66 38.89 34.26 10.43 15.25 4.14 
Koskenalusj. 2 4-8 2.61 36.05 141.94 12.51 80.52 0.00 81.81 66.20 19.01 11.60 31.10 16.88 
Muhjårvi 3 3-6 0.21 1.86 1.52 0.81 1.01 0.00 2.92 5.04 1.60 1.00 3.80 1.44 
Tammiiårvi 4 3-6 0.52 5.61 19.79 1.23 19.75 0.00 f 5.16 5.41 7.56 2.61 3.86 2.12 
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Table 3. Mean concentrations chloroanisoles and chloroveratroles ng/g in dry sediment 
Sampling Area Depth 246 2345 2346 345 346 Sum Sum Total 
place Nr cm TCA TeCA TeCA PeCA TCV TCV TeCV PCAs PCVs SANIS 
Surface sediment 
Koskenalusj. 2 0-5 0.000 0.000 0.381 0.000 0.214 0.000 0.000 0.381 0.214 0.601 
Muhjårvi 3 0-3 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Hirvivuolle 3 0-3 0.000 0.000 0.910 0.000 0.246 0.000 0.000 0.910 0.246 1.156 
Vastila 3 0-3 0.000 0.000 0.085 0.000 0.056 0.092 0.112 0.085 0.260 0.345 
Vanhala 3 0-3 0.000 0.000 0.023 0.051 0.126 0.000 0.058 0.080 0.184 0.264 
Tammijdrvi 4 0-3 0.000 0.149 0.414 0.159 0.230 0.409 0.213 0.182 0.912 1.694 
Ahvenkoski 4 0-3 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Deeper sediment layer 
Myllykoski 1 5-9 0.000 0.000 0.451 0.000 0.000 0.000 0.266 0.451 0.266 0.123 
Myllykoski 1 9-13 0.000 0.000 0.521 0.114 0.000 0.000 0.000 0.635 0.000 0.635 
Koskenalusj. 2 4-8 0.000 0.000 1.421 0,000 0.412 1.984 0.000 1.421 2.396 3.811 
Muhjårvi 3 3-6 0.000 0.040 0.081 0,000 0.000 0.045 0.000 0.121 0.045 0.112 
Hirvivuolle 3 3-6 0.000 0.000 0.421 0.046 0.163 0.121 0.151 0.461 0.441 0.908 
Vastila 3 3-6 0.000 0.000 0.216 0.060 0.066 0.081 0.201 0.216 0.354 0.630 
Vanhala 3 3-6 0.000 0.000 0.000 0,000 0.481 0.212 0.349 0.000 1.048 1.048 
Tammijdrvi 4 3-6 0.051 0.158 0.309 0,060 0.058 0.181 0.086 0.584 0.325 0.909 
Ahvenkoski 4 3-6 0.000 0.054 0.105 0.000 0.185 0.381 0.148 0.159 0.120 0.819 
Table 4. Mean concentrations of chlorophenols in fish tissues ng/g Iw. N 	= 	number of samples. 
Area 	24- 245- 246- 2346- 345- 	45- 345- 456- Sum Sum Sum 
Nr 	N 	DCP TCP TCP TeCP 	PeCP TCC 	DCG TCG TCG TeCG PCPs PCCs PCGs Total 
0 	46 0.05 0.50 0.44 	0.03 0.61 	4.19 10.93 0.11 3.04 1.02 0.61 18.81 20.56 
1 	18 	0.53 0.40 0.63 0.61 	1.04 1.16 	2.18 10.23 0.63 15.64 3.26 1.16 29.28 33.10 
2 	13 0.39 	2.44 23.02 33.92 1.24 16.56 2.83 14,15 11.58 
3 	24 0.68 0.08 	5.61 14.10 	21.68 29.43 13.14 6.31 14.10 64.86 85.33 
4 	77 0.04 0.35 0.58 	0.09 4.26 11.11 0.04 9.55 D.06 25.55 26.61 
Table 5. PCAs and PCVs ng/g Iw (means) in fish tissues. N 	= 	number of samples. 
Area 	23- 35- 245- 246- 	345- 2345- 	2346- 36- 45- 345- 346- Sum SUM Total 
Nr 	N 	DCA DCA TCA TCA 	TCA TeCA TeCA 	PeCA DCV DCV TCV TCV 	TeCV PCAs PCVs SANDS 
0 	DD 	0.00 0.21 0.00 1.26 	0.80 0.20 0.97 	3.70 0.08 0.44 0.04 0.08 	0.30 7.15 0.94 8.09 
15 	2.44 2.64 0.15 5.52 	5.35 3.40 2.62 	0.13 1.16 6.51 0.59 1.21 	4.54 22.84 14.14 36.98 
2 	14 	0.00 0.00 0.00 0.00 	0.00 2.80 1.00 	90.10 0.00 156.10 11.30 0.00 	46.80 	93.90 214.20 308.10 
3 	10 	0.00 0.00 0.00 3.45 	0.00 3.83 0.23 	0.91 0.00 1.26 0.16 6.11 	5.69 8.48 14.42 22.90 
4 	26 	0.36 1.53 1.18 13.28 	2.59 5.61 1.19 	0.31 0.00 5.28 0.11 1.18 	5.41 26.15 12.03 38.19 
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Figure 2. Mean contents of BTeCC+BTeCG in dry sediment, and those o f TeCG and TeCV in fish 
tissues (from Tables 2, 4 and S). 
PCA and PCV levels in fish were often high enough (> ng/g ww) to spoil the taste 
of fish for human consumption (Paasivirta et al. 1987). 
The results are explainable by microbial activity in the surface sediment and 
in benthic biota, which possibly liberate bound chlorophenolics to bioavailable 
form (van Leeuwen et al., 1996), and also transform them to PCAs and PCVs. 
Accordinly, the sediment-bound load of chlorophenolics forms a long-term haz-
ard to the environmental health and food quality of the watercourse. 
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Reverse osmosis treatment of 
condensates from a bleached kraft 
pulp mill: effects on acute and 
chronic toxicity of process streams 
and final effluent 
Monique G. Dube and Deborah L. MacLatchy 
University of New Brunswick, Department of Biology, PO Box 5050, Saint John, 
NB, E2L 4L5, Canada 
Abstract 
The objective of this study was to determine the significance of a process change at 
a BKPM [reverse osmosis (RO) treatment of condensate] on acute and chronic tox-
icity of in-mill process effluents and final effluent. The RO system reduced the 
toxicity of an in-mill process stream, which resulted in a non-acutely lethal final 
effluent in the absence of secondary effluent treatment. In addition, sublethal tox-
icity of the final effluent was reduced to three standard marine test species. 
I Introduction 
Toxicity tests are a useful tool to assess the quality of BKPME and to assess chang-
es in effluent quality associated with process changes (Kovacs and Megraw 1996; 
Kovacs et al. 1997). The objective of this study was to evaluate the effect of a RO 
process change on process and final effluent acute and chronic toxicity using stand-
ard toxicity bioassays. Three approaches were used: 1) Final effluent acute and 
chronic toxicity was evaluated over a period of mill modernization, 2) RO per-
formance was evaluated directly by comparing acute toxicity of in-mill process 
streams, and 3) The effect of the RO system on final effluent acute toxicity was 
evaluated by measuring toxicity before and during a RO shutdown. 
2 Methods 
2.1 Description of mill 
The mill studied is a 281,480 t/y BKPM discharging 80,650 m3/d of untreated ef-
fluent into the St. John River, NB, Canada. From 1992-1996 this mill implemented 
extensive process modifications including two-stage brownstock washing and four-
stage closed screening, oxygen delignification, and two-stage post-oxygen wash-
ing (POW). In addition, the capacity for foul condensate steam stripping increased 
and spill recovery improved. In March 1998, a RO system was installed to treat 
condensates from the fifth multiple-effect evaporator that had high BOD and tox- 
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icity (Dube et al. 2000), and had the potential to affect final effluent quality due to 
reuse as dilution water at the #2 POW (Figure 1). In May 1998, during a mill shut-
down, evaporators were upgraded to eliminate black liquor entrainment in the 
condensate process streams. 
2.2 Study Approach 
Data on final effluent (location *6 in Figure 1) acute toxicity were compiled over 
four periods of mill modernization: 1) EIP (1992-1995), 2) Post EIP-Pre RO (1996-
March 20, 1998), 3) Post RO-Pre evaporator upgrade (March 21,1998-May 26,1998), 
and 4) Post evaporator upgrade (May 27, 1998-May 31, 1999). The 96-h rainbow 
trout (Oncorhynchus mykiss) and the 48-h Daphnia magna bioassays were used. Sub-
lethal toxicity testing was conducted as part of the Canadian EEM Program using 
the inland silverside (Menidia berylina) growth inhibition test, the Echinoderm ferti-
lization inhibition test, and the Champia parvula (red algae) reproduction inhibi-
tion test. To evaluate the effects of the RO system on acute toxicity of in-mill proc-
ess streams to rainbow trout, Daphnia magna, and Microtox, six process effluents 
were sampled (indicated as *1 to *6 in Figure 1). These six effluents were re-sam-
pled the next day during a RO shutdown. 
3 Results and discussion 
Acute toxicity of the final effluent to rainbow trout and Daphnia magna significant-
ly decreased (increased LC50) over all periods of mill modernization (Figure 2). 
After RO installation and the evaporator upgrade, final effluent was non-acutely 
lethal. Sublethal toxicity of the final effluent to all three species also showed great 
improvement after installation of RO and the evaporator upgrade (Figure 3). Proc-
ess changes made by this mill removed acute lethality of the final effluent and 
greatly reduced sublethal toxicity in the absence of secondary effluent treatment. 
Removal of acute toxicity from pulp effluents has been achieved primarily through 
installation of secondary effluent treatment (Ahtiainen et al. 1996; Kovacs and 
Megraw 1996; Kovacs et al. 1997). 
To clarify the role of the RO system in reducing effluent toxicity, acute toxici-
ty of RO process streams was examined. During RO operation, toxicity improved 
9-fold, 4-fold, and 10-fold between the RO feed and permeate streams for rainbow 
trout, Daphnia magna, and Microtox respectively, resulting in a low toxicity RO 
permeate (Figure 4). Final effluent was non-acutely lethal to all species during RO 
operation. During the RO shutdown, the final effluent was acutely lethal. 
Acute toxicity of effluents collected at the #2 POW showers and #2 POW dilu-
tion conveyor was not affected by the operational status of the RO system (Figure 
4). Effluent sampled at the #2 POW showers was toxic to trout (LC50 35%) and 
Microtox (EC50 of 11%) and this toxicity persisted at the #2 POW dilution convey-
or, despite the addition of 3600 1/min of low toxicity RO permeate. This source of 
toxicity however, did not affect final effluent toxicity during RO operation. Stud-
ies have shown this source of toxicity is likely due to compounds in black liquor 
carried over with the pulp stock (Dube 2000). Our results also suggest that when 
the RO is off, compounds in the 51  effect condensate, which are redirected to the 
clean condensate stream, do not increase toxicity at the #2 POW locations, but are 
modified in the bleach plant resulting in an acutely lethal final effluent. 
Reverse osmosis is a cross-flow membrane separation process, which is more 
sensitive than microfiltration, ultrafiltration and nanofiltration, resulting in removal 
of most low molecular weight dissolved salts, inorganic and organic molecules 
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Condensate flow 
with particle diameters less than 0.001 µm. Many studies have been unable to 
identify specific in-mill process changes, which reduce final effluent toxicity (Ko-
vacs and Megraw 1996; Kovacs et al. 1997). Our results show that, at this mill, RO 
treatment of condensates significantly reduced toxicity of the final effluent. Dube 
(2000) has also shown that RO treatment of condensates removed the potential of 
the final effluent to cause endocrine disruption in a resident fish species. 
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Figure I. Process flow summary for a BKPM illustrating pulp stock flow, condensate segregation, 
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The contaminants contributing to the acute toxicity of the RO feed are a compo-
nent of the 5 effect condensate. Condensates are condensed vapors produced 
during the evaporation of water from weak black liquor (WBL). Condensates con-
tain volatile organic contaminants which evaporate from the WBL and include 
sulfur-bearing compounds (hydrogen sulfide), alcohols (methanol), terpenes ((-
pinene), ketones, and phenolics (guaiacol, phenol) (Blackwell et al. 1979; LaFleur 
1996). Because of differences in temperature and pressure amongst the evapora-
tors, condensates differ in quality. At this mill, the evaporator system is center-fed 
with WBL entering the evaporator train at the 5th effect evaporator. The first boil-
ing of WBL, at relatively low temperature and pressure, results in the greatest 
removal of water and volatile impurities [particularly sulfur compounds (98%) 
and methanol (80%)] which are condensed in the 6th effect evaporator (IPP 1998) 
(Figure 1). Condensates from the 5t" effect evaporator contain contaminants pro-
duced from subsequent WBL boiling in the 151 to 4t'' effect evaporators. These con-
taminants have lower vapor pressures and may be less hydrophillic than com-
pounds removed with the highest volume of water in the first WBL boil. Dube 
(2000) has shown that WBL entrainment of condensates was not the source of tox-
icity in the RO feed. Toxicity-causing compounds were likely phenols, guaicols, or 
low molecular weight alcohols, which were concentrated 105 to 106-fold by the RO 
system (Dube 2000). 
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Figure 2. Acute lethality of final mill effluent to A) rainbow trout and B) Daphnia magna over 
four periods of mill modernization from 1992 to 1999; EIP = Environmental Improvement 
Project, RO = Reverse osmosis. 
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oxygen and ECF bleaching waste 
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Abstract 
Multivariate statistics was performed to explain the results of acute toxicity and 
mesocosms tests done with moor, communal, ECF and TCF water samples by var-
iation of the contents of compound groups (22) and individual substances (323) in 
these waters. Two-sided Pearson correlations of each effect with substance varia-
tions were used to select variables to principal component analysis (PCA) and PC-
regression for search of the most probably effective compound groups and indi-
vidual substances. 
Keywords: bleaching, ECF, effluent, principal components analysis, regression, TCF, 
toxicity, waste compounds 
I Introduction 
The present study belongs to chemical and biological characterization and meso-
cosms studies with bleach plant effluents from production of softwood pulp, phase 
II in Tana et al. (1999). The effluents from processes O-Z/D-Or,/EP D-EP D (ECF) 
and O-QX ZQ Or,/Ep- Z-P (TCF) were studied for acute and chronic biological ef-
fects of different dilutions of nontreated (ECFO, TCFO) and biologically purified 
(ECFB, TCFB) waters. For comparison, effects of municipal sewage water (KUN-
TA) and runoff water from a natural peatbog (SUO) were measured. Chemical 
characterization resulted to identification and quantitation of 323 organic com-
pounds classified in 22 substance groups in these waters (Mikkelson and Paasivir-
ta 1997). This work reports statistical treatments to find out the most probable 
compound groups or individual substances causing each biological effect in the 
test waters. Statistics applied was earlier tried for results of another mesocosms 
study and chemical analyses (Paasivirta and Mikkelson 1997). 
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2 Methodology 
Samples in statistical treatments consisted of the test waters. For acute toxicity, 
original SUO, KUNTA, TCF and ECF waters had been tested (Ahtiainen et al.1997). 
The results were presented as toxic units TU = 100/(EC50 dilution%). In 16 month 
mesocosms tests all six waters were tested as 400-fold dilution (HD = High Dose) 
and the four TCF and ECF waters also in 2000-fold dilution (LD = Low Dose). The 
mesocosms tests were performed with brackish water during 16 months (Tana et 
al. 1997, Lehtinen et al. 1998). The results were presented as differences between 
test and control values. The numeric test result values were used as dependent 
variables to be explained by statistics. The explanatory variables (ExV) were con-
tents g/L of analyzed compounds and their groups. The variable values (test re-
sults and values of ExV) have been listed in a Finnish report (Paasivirta and Mikkel-
son 1998). 
Statistical program package SPSS was used. Two-tailed Pearson correlations 
between all variables were calculated. For each effect, principal components (PC) 
were extracted for strongly correlating ExVs and PC regression (in stepwise mul-
tiple linear mode) to find out ExVs which contributed significantly to explanation 
of variation of the effect between samples (Jolliffe 1986). 
Abbreviations and explanation of the effects (dependent variables) are listed 
in Table 1, and those for compound groups in Table 2. The individual compounds 
were coded by abbreviation of the analytical fraction and running number from 1 
to 323 (identified compounds). The fractions were marked as N (neutral), P (weak 
acids), AN ("anisoles") and AC (strong acids). Codes, names of individual com-
pounds, and their concentrations in test waters are annexed in the report of Paasi-
virta and Mikkelson (1998). 
Table I. Classification of the identified compounds in groups. 
Code Group name Code Group name 
ALA Aliphatic carboxylic acids P Phenols 
AC Alcohols PAD Polycyclic aromatic derivatives 
ALD Aldehydes PHD Phenanthrene derivatives 
AND Amides PHO Phosphates 
ANN Amines PHI Phthalates 
ARA Aromatic acids RA Resin 	acids 
E Ethers S Sulfur compounds 
EST Esters SHC Saturated aliphatic and alicyclic hydrocarbons 
ETB Ethyl benzene STI Stilbene 	derivatives 
K Ketones TER Terpenoid alcohols 
NIT Nitrates UHC Unsaturated aliphatic and alicyclic hydrocarbons 
a . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . The Finnish Environment 417 
Table 2. Abbreviations and names of the effects. 
Abbr 	 Name 	 Abbr 	 Name 
Acute toxicities (Ahtiainen and 	Mattson 	1997; Ahtiainen 	et al. 1997) 
ALCAE Algal growth inhibition 	test 
LBACT Luminescent bacteria test 
MITOK Mitochondrial 	particle 	test 
Mesocosms effects (Tana et al. 1997) 
Structure of blue mussel (BM) and stickleback (SB) communities 
BMG95 Mean growth of blue mussel in 	1995 
BMG96 Mean growth of blue mussel in 	1996 
SBMORT Mortality of sctickleback 
SBJUV96 Number of SB juveniles in 	1996 
SBJUVG95 Mean growth of juvenile SB:s in 	1995 
SBJUVG96 Mean growth of juvenile SB:s in 	1996 
Mass of the sediment biota 
YHTG Total mass of biota 
MACOM Mass of Macoma baltica 
SEDLYMNE Mass of Lymnea 
CARDI Mass of Cardium 
DNDRO Mass of Dendrocoleum 
HYDRO Mass of Hydrobia 
SEDTHEOD Mass of Theodoxus 
POLYC Mass of Polychaeta 
Rainbow trout exposure 
[SI Liver somatic index 
CF Condition factor 
HB Hemoglobine 
GROWTH Mean growth per day 
HCT Hematocrite 
LCT Leukocrite 
MCHC Mean HB of red cells 
EROD Liver enzyme 
UDP Liver enzyme 
GLYC Liver glycogene 
LIPID Lipid 	contents 	of liver 
Mass of the bladder wrack biota 
MYTILUS Mass of Mytilus edulis 
RAKLYMNE Mass of Lymnea 
RAKTHEOD Mass of Theodoxus 
GAMMARUS Mass of Gammarus 
RAKYHTG Total mass of biota 
RAKLML — Bladder wrack included 
3 Results and discussion 
Compound concentrations and detailed statistical data have been published in 
Finnish reports, for correlations by Paasivirta and Mikkelson (1998) and for PCA 
and PC-regressions by Paasivirta et al. (1998). Examples of the PCA plots and PC 
regression results are shown below. 
3. ! Acute toxicities 
PCA biplots of acute toxicity test results and concentrations of the 22 compound 
groups is presented in Figure 1 A and B. 
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Figure I A and B. Biplots of variable loadings (vector arrows) and normalized sample scores 
(points); A. PC I /PC2 and B. PC I / PC3, for three acute effects and 22 compound group concen-
trations. Parallel long vectors of effect and ExV indicate a significant (+) and antiparallel ones a 
significant () contribution to the effect. Orthogonality of the vectors indicates that variables 
have no connection within the PCs plotted. 
While initial eigenvalues in PCA were above zero only for five first components, 
variable loadings from PC1 to PC5 were taken in PC regression to explain each of 
three acute effects. As results, standardized Beta coefficients for significant predic-
tors (for group names see Table 1) were: 
Effect 	Variable 	St.Beta 	p 	Effect 	Variable 
ALGAE 	ALA 	+2.134 	0.001 *** 	LBACT 	ALA 	+1018 
UHC 	-1.326 0.002** ETB 	+0.138 	0.007** 
EST 	+0.053 0.016* 	 PHT 	+0.024 	0.046* 
MITOKNo significantly connected variables were found. 
St.Beta 
P 
0.001 *** 
The positive (+) coefficient could mean that the explanatory variable corresponds 
a toxic compound or group (agonist). Negative coefficient (-) indicates a possible 
antagonistic effect. Similar approach was applied to individual substances as pre-
dictors of acute effects. The compounds (ExVs) correlating with each effect (de-
pendent variable) by _R_ = 0.5 or more were selected for PCA. Then, further re-
finement was done by selecting to the final PC regression those ExVs whose three 
first PCs had similar absolute values (all same or all opposite signs). Individual 
compounds which by PC regression were significantly connected to acute effects 
were for ALGAE dodecanoic acid (AC36) p = 0.0037**, butanoic acid (AC5) p = 
0.0063** and one phthalate (N86) p = 0.0194*, all agonists (+). Predictors for LBACT 
were agonists (+) heptadecanoic acid (AC58) p = 0.0001*" " and a phenol derivative 
(P26) p = 0.0032**, and an antagonist (-) heptenyl cyclohexane (P8) p = 0.0044**. 
For MITOK, agonists (+) were dimethyl hexanoic acid (AC13) p = 0.0018** and 
hexacosane (N70) p = 0.0040**, and an antagonist (-) 1-methyl-4-(1-methylethyl)-
1,2-cyclohexamediol (N70) p = 0.0077**. 
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3.2 Mesocosms effects 
Similar procedures of selection for PCA by _R_ = 0.5 criterium and refinement 
from three first PCs (see above) to final stepwise multiple PC regression was ap-
plied to all mesocosms effects separately. As an example, rainbow trout exposure 
effect LSI studied with 17 strongly correlating substances is illustrated in Figure 2. 
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Figure 2 A and B. PCA and PC regression of LSI with individual compounds. A. Biblot from PCA 
of LSI and 17 strongly correlating substances. Variable loadings are shown as vector arrows, 
sample scores (original, not normalized) as points. B. Scatterplot from PC regression to explain 
LSI with 13 most significantly connected compounds. One LSI stimulant (+): branched penta-
cosane (N 109) p = 0.0041 **, and two inhibitors (): tetracosane (AN78) p = 0.0002*** and 
a phthalate (AC63) p = 0.0004***, was found. 
Compound groups and individual compounds indicated to cause significant mes-
ocosms effects are listed in summarizing way in Tables 3 and 4. There, significan-
ces from PC regression are indicated. Also samples where the effective group or 
substance is most abundant, are listed in Tables 3 and 4. Most of the compounds in 
Table 4 are well known. Three interesting compounds: N3 (CAS 20968-70-1), N4 
(CAS 1633-97-2) and N70 (CAS 33669-76-0 and 1612-98-2) have been studied in 
other connections. P56 was identified only for its structure type. 
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4 Conclusions 
Multivariate statistics selected some compounds and compound groups which 
are possible influential substances in acute and chronic biological effects of ECF 
and TCF wastewaters. The results can be utilized in selecting compounds for studies 
of the ecological effects of wastewaters. Model substances of these compounds 
serve in final identification of the suspected effective substances, in development 
of their accurate analyses and as material for ecotoxicity studies with individual 
substances and with their combinations. Further, they are useful when improve-
ments of the industrial processes emitting wastewaters are performed. 
Table 3. Significantly effective compound groups in mesocosms according to PC regression. Each group is listed to two 
waters where it was most abundant. 
Effect significances : '`'` p =< 0.01, "' p =< 0.001. 
Water ❑  Inhibitors 	(-) Effect Sign. Stimulants (+) Effect 	Sign. 
SUO K 	ketones RAKTHEOD ALC alcohols RAKTHEOD 
(2.8) S 	sulfur comp. RAKLYMNE 
KUNTA PHT phtalates SEDCARDI 
(3.7) SEDPOLYC  
SEDTHEOD 
ECFO ALA aliph.carb.acids RAKYHTG ALC alcohols RAKTHEOD 
(2.2) ALD aldehydes RAKLYMNE ' S 	sulfur comp. RAKLYMNE 
K 	ketones RAKTHEOD UHC unsat.hydroc. LIPID 
EST esters SEDPOLYC 
PHO phosphates RAKTHEOD 
PHT phtalates SEDCARDI 
SEDPOLYC 
SEDTHEOD 
UHC unsat.h droc. RAKML 
TCFO ALA aliph.carb.acids RAKYHTG UHC unsat.hydroc. LIPID 
(3.8) ALD aldehydes RAKLYMNE 
AMD amides RAKML 
EST esters SEDPOLYC 
PHO phosphates RAKTHEOD 
UHC unsat.hydroc. RAKML 
TCFB (2.4) AMD amides RAKML 
❑ Functional index from 9 mesocosms variables 	(Lehtinen 	et al. 	1998) is 	presented 	in 	brackets. 
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Table 4. Significantly effective individual compounds in mesocosms according to PC regression. Each compound is listed 
to two waters where it was most abundant. 
Effect significances : "" p = < 0.01, *** p = < 0.001. 
Water a Inhibitors 	(-) Effect Sign. Stimulants 	(+) Effect Sign. 
SUO AC63 a phtalate LSI """ N4 2-methyl.2-pentanethiole SEDLYMNE *" 
(2.8) P12 	4-tridecanone RAKTHEOD P50 	eicosane RAKLYMNE 
P56 (acetyl-dihydroxy-dimethyl- 
benzofuranyl)-pentanedione RAKTHEOD* 
KUNTA AC19 Benzoic acid HB AC12 	heptanoic acid HCT ** 
(3.7) AC63 a phtalate LSJ *''" N3 	1,3-bis-methylene- HB ** 
N70 	1-methyl-4-(I-methyl- cyclopentane HCT ** 
ethyl)-cyclohexanediole HB SEDMACOM **" 
RAKYHTG 
P50 	eicosane RAKLYMNE ** 
ECFO AC12 	heptanoic acid HCT 
(2.2) N4 2-methyl.2-pentanethiole SEDLYMNE 
N 109 branched pentacosane LSI 
ECFB AC8 pentanoic acid RAKLYMNE N3 	1,3-bis-methylene- HB 
(2.4) ACIO hexanoic acid RAKYHTG cyclopentane HCT *" 
AN78 tetracosane 151 ''"" SEDMACOM 
RAKML RAKYHTG 
AN81 	pentacosane deriv. RAKML 
P12 	4-tridecanone RAKTHEOD 
P53 	palmitic acid SEDYHTG 
TCFO AC8 pentanoic acid RAKLYMNE N 109 branched pentacosane LSI '''' 
(3.8) ACIO hexanoic acid RAKYHTG 
AC19 Benzoic acid HB 
AN78 tetracosane LSI "* 
RAKML" 
AN8I 	pentacosane deriv. RAKML 
NiO 	I -methyl-4-(I -methyl- 
ethyl)-cyclohexanediole HB 
P56 (acetyl-dihydroxy-dimethyl- 
benzofuranyl)-pentanedione RAKTHEOD 
TCFB 
(2.4) P53 	palmitic acid SEDYHTG 
❑ Functional index from Y mesocosms variables relative to control (Lehtinen et al. D 998) is presented in brackets. 
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Abstract 
Water samples from a pulp mill with elemental chlorine free (ECF, chlorine diox-
ide included) delignification and bleaching processes were analysed for organic 
trace compounds. The studied samples were raw water from a freshwater lake, 
alkaline and acidic filtrates from hardwood and softwood bleaching, combined 
untreated effluent, and biologically purified effluent. Four chemical fractions were 
isolated from each seven samples: neutral compounds, weak acids, strong acids, 
and hexane-dichloromethane -extract. The toxicity of the same fractions was stud-
ied with a fish hepatoma cell line (PLHC-1), using total protein content of the cells 
survived from the exposure as an endpoint. Cytochrome P4501A (CYP1A) induc-
tion was detected by measuring 7-ethoxyresorufin O-deethylase (EROD) activity 
in the exposed cells. The most abundant compounds (over 500) in the fractions of 
the pulp mill waters were identified and quantified. The identified compounds 
were classified in 21 functionally different substance groups. The neutral fractions 
contained ketones, alcohols, aldehydes, hydrocarbons, and naphthalene, phenan-
threne and steroid derivatives. The weak acid fractions consisted of phenols and 
other compounds with hydroxyl groups and of various hydrocarbons. The acid 
fractions contained aliphatic carboxyl and resin acids. The total masses of the iden-
tified compounds were reduced 95% during the activated sludge treatment. The 
water fractions did not reduce total protein content of the PLHC-1 cells at their 
actual concentration in water (1 tl/ml medium) but at higher concentrations (stud-
ied up to 5µl/m1). The acid fraction seemed to contain the greatest amount of 
cytotoxic agents, and the weak acid fraction was the least toxic. Neutral compounds 
caused toxicity only in the untreated and biologically treated effluents. The water 
samples did not elevate EROD activity in the cells. 
Keywords: ECF, bleaching, pulp mill, waste waters, toxicity, EROD 
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I Introduction 
Chemical characterization of organic compounds in pulp and paper mill effluents 
is needed to find out possible sources of toxic agents in processes and in recipient 
environment. Analysing the chemical compounds in effluents is not enough to 
point out whether these compounds are hazardous to aquatic organisms. Biologi-
cal tests with living organisms are clearly needed but they are more beneficial 
when combined with the chemical analyses. As an example, chemical analyses of 
the ECF (elemental chlorine free) and TCF (totally chlorine free) bleaching process 
waters have been done (Paasivirta and Mikkelson, in press) and the chronic bio-
logical effects of the same waters have been studied in mesocosms (Lehtinen and 
Tana 1997). Further, bioassays which would be rapid and inexpensive, and which 
would help to decrease the number of animals used for studying the biological 
effects should be also encouraged. This goal has raised studies where toxicologi-
cal and biochemical effects of the pulp and paper mill effluents have been detect-
ed in primary cell cultures or cell lines (Pesonen and Andersson 1992, Priha 1996, 
Koistinen et al. 1998). 
In this study we focused on analysing the organic trace compounds in the 
water samples, and on measuring cytotoxic and cytochrome P4501A (CYP1A) in-
ducing properties of these samples in a fish hepatoma cell line. The water samples 
studied were from a pulp mill with ECF delignification and bleaching. 
2 Experimental 
2. I Water samples 
The studied water samples were from a Finnish pulp mill with elemental chlorine 
free (ECF, chlorine dioxide included) delignification and bleaching processes. The 
pulp mill consists of two pulp lines: one line manufactures short fibre hardwood 
pulp from birch (Betula pendula/Betula pubescens), the other line makes long fibre 
softwood pulp using mainly pine (Pinus sylvestris) as raw material. The analysed 
water samples were raw water taken from a freshwater lake, alkaline and acidic 
filtrates from hardwood and softwood bleaching, combined untreated effluent 
(which include, e.g., waste waters from debarking plant, and birch and pine bleach-
ing lines), and biologically purified effluent. 
2.2 Chemical analyses 
The water samples were filtered through membrane filters (45, 10, 2 and 0.45 tm) 
at ambient temperature. The samples were fractionated to obtain neutral com-
pounds, weakly acidic phenols, and strongly acidic compounds according to 
Mikkelson and Paasivirta (in press). A part of each water sample were also extract-
ed with n-hexane + dichloromethane (DCM) solution (1:1; v:v) by shaking. 
From each sample fraction was run a total ion current chromatogram (TIC) of 
mass spectrometer by full scan mode. Individual TIC peaks were studied by re-
cording the corresponding mass spectrum and identifying the compound by li-
brary search or by interpretation of the spectrum. Quantitation of the compounds 
was based on the added internal standards. Ratios of the peak areas were consid-
ered assuming the response ratio to be 1. The limit of determination was defined 
as mass spectrometric threshold, being 0.01 g/ton of produced pulp for strong 
acids and 0.0001 g/ton of pulp for other substance groups. 
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2.3 PLHC-1 assays 
The PLHC-1 cells (a cell line derived from a hepatocellular carcinoma of Poeciliop-
sis lucida) were treated with the sample fractions diluted in dimethyl sulphoxide. 
The cells were exposed to different dilution (5, 2.5, 1, 0.25 and 0.1 µl/ml medium) 
of fractions for 24 hours in 48-well plates. At the end of the exposure, total protein 
content and CYP1A dependent 7-ethoxyresorufin O-deethylase (EROD) activity 
were measured with a fluorescence plate reader. For further details of exposure 
and cell treatment, see Huuskonen et al. (2000). 
3 Results and discussion 
3.1 Chemical analyses 
Over 500 of the most abundant compounds in the fractions of the pulp mill waters 
were identified and quantified. The identified compounds were classified in 21 
functionally different substance groups: aliphatic carboxyl acids (ALA), alcohols 
(ALC), aldehydes (ALD), amides (AMD), amines (AMN), benzene derivatives (BZ), 
ethers (E), esters (EST), furans (FU), indane derivatives (IND), ketones (K), naph-
thalene derivatives (NAD), phenanthrene derivatives (PHD), phenols (PHE), phtha-
lates (PHT), resin acids (RA), sulphur compounds (S), saturated aliphatic and ali-
cyclic hydrocarbons (SHC), steroid derivatives (STD), terpene derivatives (TER), 
and unsaturated aliphatic and alicyclic hydrocarbons (UHC). Concentrations of 
the compound groups in the water samples were expressed as g per ton of pro-
duced pulp (Table 1). 
Table I. Concentrations (g/ton of pulp) of the compound groups in the samples. 
Compound 
group 
birch 
alkaline 
birch 
acidic 
pine 
alkaline 
pine 
acidic 
combined 
untreated 
biologically 
purified 
raw 
water 
ALA 43.23 40.22 396.8 56.85 15421.4 725.0 336.6 
ALC 2.26 2.53 2.06 1.55 21.48 3.57 24.74 
ALD 1.32 1.27 1.96 0.42 3.24 1.43 2.31 
AMD 0.32 0.04 0 0.29 0 0.32 0 
AMN 0.05 0.05 0 0.03 0.94 0.01 0 
BZ 0.33 0.34 0.16 0.13 0.91 0.03 0 
E 0.04 0.08 0.01 0.001 2.52 1.12 3.19 
EST 0.88 0.48 31.17 0.15 4.98 2.64 3.67 
FU 0.41 0.58 0.14 0.32 4.41 0.17 9.04 
IND 0.23 0.14 0.07 0.10 1.33 0.06 0 
K 1.73 0.62 4.12 0.88 30.41 8.12 83.61 
NAD 0.97 0.66 1.82 0.39 7.81 0.43 0.11 
PHD 0.38 0.18 29.82 0.18 9.78 0.002 0 
PHE 1.45 1.25 1.36 0.56 37.43 1.87 10.98 
PHT 0.54 2.36 0.77 4.95 4.17 4.33 5.91 
RA 0.48 0 40.55 0.07 580.1 4.29 0 
S 0.17 0.59 1.42 0.51 0.53 0 0 
SHC 1.64 0.87 0.65 0.09 21.42 6.72 31.60 
STD 0.52 0.06 1.21 0.70 6.27 0 0 
TER 0 0 0.17 0.04 3.43 0.79 1.04 
UHC 0.06 0.01 0.76 0.04 7.37 0.31 3.89 
Total 57.0 52.4 515.0 68.3 16169.9 761.2 516.7 
0 = concentration below the limit of determination. 
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In Table 2 are total masses of the identified compounds in neutral, phenol and acid 
fractions, and in hexane+DCM extracts of studied waters. The neutral fractions 
contained ketones, alcohols, aldehydes, hydrocarbons, and naphthalene, phenan-
threne and steroid derivatives. The weak acid fractions consisted of phenols and 
other compounds containing hydroxyl groups (like alcohols and acids) and of 
various hydrocarbons. The acid fractions contained aliphatic carboxyl and resin 
acids. The most abundant compounds were aliphatic carboxyl acids. Chlorinated 
compounds were detected in relative low amounts. 
Table 2. Total contents (g/ton of pulp) of compounds in neutral, phenol or acid fractions, and in hexane+DCM extracts 
of waters from a mill producing ECF bleached cellulose. 
Water sample neutral phenol acid hexane+DCM 
raw water 42.3 136 338 86.5 
birch, alkaline 5.2 8.4 42.3 20.8 
birch, acidic 5.9 4.1 40.1 48.7 
pine, alkaline 10.2 105 399 72.1 
pine, acidic 6.0 1.7 56.4 16.1 
combined untreated I I3 71.9 I6 046 192 
biologically purified 26.9 6.3 729 31.4 
3.2 Cytotoxicity tests 
Water fractions from the ECF bleaching mill had some capacity to impair the sur-
vival of the PLHC-1 cells. None of the water samples reduced total protein content 
of the cells at their actual concentration in water (1 d/ml medium, Table 3). How-
ever, when the samples were concentrated (studied up to 5 µl/ml), toxicity was 
observed in some of them. The PLHC-1 cytotoxicity assay seemed to be efficient in 
comparing the responses caused by different samples. For example, the strong 
acid fraction had the greatest potency for cytotoxicity, and the weak acid fraction 
(phenol) was the least toxic. Samples from a pine alkaline line were more toxic 
than the respective birch samples. Further, neutral compounds caused toxicity only 
in the untreated and biologically treated effluents. Treatment of the effluents abol-
ished some of the toxicity. Toxic substances maybe present in all kinds of pulp and 
paper mill effluents, in both bleached and unbleached, as shown already in a study 
of Pesonen and Andersson (1992). 
In this study, the water fractions did not elevate EROD activity in the cells. 
ECF bleaching effluents from different pulp mills have been able to cause both 
induction and inhibition of EROD activity in the cell tests (Priha 1996; Koistinen et 
al. 1998). 
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Table 3. ICsos (µ1/ml medium) for decrease in total protein content in PLHC-1 cells after 1-day treatment in 48-well 
plates with fractions (neutral, phenol, acid) or extracts (hexane+DCM) of water samples. Iµl/ml corresponds to the ac-
tual water concentration. 
Water sample neutral phenol acid hexane+DCM 
raw water NT NT 3.3(0.1a NT 
birch, alkaline NT NT >5 NT 
birch, acidic NT NT NT 1.3±0.2 
pine, alkaline NT >5 3.4±0.3 5.1±4.7 
pine, acidic NT NT 2.8±0.5 3.0± 0.1 
combined untreated 1.4± 1.0 NT 1.1 ±0.6 2.7± 1.1 
biologically 	purified 1.2±0.1 NT 1.9±0.4 NT 
NT = no toxicity at the concentrations studied (maximum 5 l.t./ml medium) 
a mean ± SD (3 replicates) 
3.3 Reduction 
The total masses of the identified compounds in the combined untreated effluent 
were reduced 95% during the activated sludge treatment. Reduction per cents of 
the compound groups are in the table 4. Steroid and phenanthrene derivatives, 
and sulphur compounds were reduced totally. 
Table 4. Reduction per cents in the activated sludge treatment pilot plant 
Group Reduction Group Reduction Group Reduction 
ALA 95.3 EST 46.9 PHT -3.9 
ALC 83.4 FU 96.2 RA 99.3 
ALD 56.0 IND 95.2 S 100.0 
AND -100.0 K 73.3 SHC 68.6 
AMN 98.7 NAD 94.5 STD 100.0 
Bl 96.6 PHD 100.0 TER 76.8 
E 55.6 PHE 95.0 UHC 95.8 
Total 	95.3 
4 Conclusions 
More than 500 organic compounds were identified and quantified for their rela-
tive abundance in ECF bleaching waters, and in combined untreated and treated 
effluents. The combined untreated waste water had the greatest concentration of 
compounds. Aliphatic carboxyl acids was the most abundant group in all sam-
ples. Physiologically active structures were indicated in many of the total 21 sub-
stance groups detected. The PLHC-1 assays showed that the fractions contained 
potentially cytotoxic substances. The PLHC-1 cytotoxicity assay could be used for 
comparing different samples and help to screen the most hazardous samples for 
further evaluation. The data from the chemical analyses and from the toxicity tests 
could be treated by statistical methods to find out candidate substances causing 
the toxic effects, as has been done by Paasivirta and Mikkelson (in press) and Paa-
sivirta et al. (2000), if the number of sample waters studied similarly for both ef-
fects and contents of compounds is sufficient. 
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Abstract 
Toxicity of a mill EOP effluent produced after bleaching of Eucalyptus urograndis 
kraft pulp was verified through analyses using four different organisms: the mi-
crocrustaceans Daphnia similis and Ceriodaphnia dubia, the bacterium Escherichia 
coli and the algae Scenedesmus subspicatus. All the tests showed that the effluent 
was highly toxic. Daphnia test and short-term toxicity using Escherichia coli pre-
sented LC values of 25% and 4.2%, respectively. Chronic toxicity for Ceriodaphnia 
indicated that, at 0.1% of effluent concentration, the organism reproduction was 
inhibited to half the values observed for the controls. Growth inhibition of Scenedes-
mus subspicatus algae was 51%, 68%, 74% and 73% for 12.5%, 25%, 50% and 100% 
effluent concentrations, respectively. Previous analyses of the toxic compounds 
present in this effluent showed the occurrence of olygomeric sugars and a phenol-
ic fraction. This study includes additional data or characterization of the acid low 
molecular weight compounds fraction of this effluent. GC/MS analysis of TMS 
derivatives indicated the occurrence of some aliphatic and aromatic carboxylic 
acids which could contribute to the toxicity of this effluent. 
Keywords: toxicity, characterization, EOP bleachery effluent 
I Introduction 
The generation of effluents from totally chlorine-free (TCF) bleaching processes 
includes a new class of xenobiotics that has been extensively studied to evaluate 
the impact of their discharge on the environment (Folke et al., 1996, Dethlefs et al., 
1995; Verta et al., 1996; Paiva et al., 1998). Generally, these effluents are reported to 
be low in COD, BOD and color values leading to the premature conclusion that 
they have little toxicity. However, the characteristics and the environmental im-
pact of the TCF effluents are not completely understood (Ristolainen & Alen, 1998). 
This study evaluates the toxicity and the identification of some low molecular 
weight organic compounds found in a TCF bleaching effluent (EOP sequence) 
originated from the processing of Eucalyptus urograndis hardwood in a pulp mill. 
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2 Methodology 
2.1 Effluent samples 
All the experiments were carried out with EOP effluent generated in a kraft pulp 
mill which uses Eucalyptus urograndis as the raw material. The effluent presented 
pH values ranging from 9.5 to 11.5 and was stored at -18°C until it was used. 
2.2 Toxicity tests 
The toxicity was determined by four different tests: Daphnia similis (ABNT, 1993), 
Ceriodaphnia dubia (CETESB, 1991), short-term test using Escherichia coli (Jardim et 
al., 1990) and the algae Scenedesmus subspicatus (ISO, 1989). 
2.3 GC/MS analyses 
The low molecular weight compounds present in the effluent (100 mL) were suc-
cessively extracted (3x100 mL) with ethyl acetate. Organic extracts were evaporat-
ed and dried over P205. Around 2 mg of the extract was dissolved in 100 (L of 
pyridine and 1 mL of BSTFA. Derivatization reaction was carried out at 60°C dur-
ing 1 hour and the reaction mixture was analyzed immediately after derivatiza-
tion. The GC/MS analysis was performed in a Finningan MAT GCQTM instrument 
equipped with a DB-5 (30 m x 0.25 mm) column. Column temperature was initial-
ly maintained at 60°C for 1 minute and then heated up to 140°C at 30°C/min. This 
temperature was maintained for 3 minutes and then raised to 240°C at 2°C/min. 
The final temperature was maintained for 13 minutes. Helium at 33.0 cm/s was 
used as the carrier gas. Injector and transfer line temperatures were 170°C and 
220°C, respectively. 1uL of the sample was injected using a split of 1:100. 
3 Results and discussion 
D. similis (microcrustaceous) and E. coli (bacteria) were used to evaluate acute tox-
icity of the effluent. For chronic toxicity, reproduction of C. dubia was measured 
after 7 days of exposure to the toxic compounds contained in the effluent. Table 1 
shows how D. similis behaved in terms of mobility, after 7 days of exposure to the 
effluent at different concentrations. At 0.1% concentration, no alteration was ob-
served, whereas at 1% and 10%, the mobility was reduced by 5%. At 100% effluent 
concentration D. simflis was totally immobilized. Mobility reduction was linear 
with the logarithm of effluent concentration. Based on this plot, LC was calculat-
ed as 25%. Respiration of E. coli as a function of growth time and effluent concen-
tration is shown in Figure 1. Metabolism inhibition was evident for all the effluent 
concentrations tested. Extrapolation of inhibition data to 50% respiration reduc-
tion indicated a LC value of 4.2%. Although both tests could equally evaluate 
acute toxicity, the LC50 values were discrepant. This was expected, because two 
completely different organisms should react in different manners to the exposi-
tion to toxic compounds found in the effluent. Nevertheless, in both cases high 
toxicity in the effluent was detected. 
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Table I. Daphnia simflis mobility reduction rates after 48 h of exposure to different TCF effluent concentrations. 
Effluent Concentration (%) 	 Immobility (%) 
Control 0 
0.1 0 
1.0 5 
10 5 
100 100 
Figure I. Respiration of Escherichia coli cultured at different concentrations ofTCF effluent. 
(-o-) control; (-U-) 3%; (-A-) 6%; (-t) I0% effluent concentrations, respectively. 
Table 2 shows the C. dubia reproduction after 7 days of exposure to different efflu-
ent concentrations. All the effluent concentrations evaluated were toxic, inhibiting 
the reproduction. The highest concentration of effluent having no significant ef-
fect on C. dubia reproduction could not be determined, since the lowest effluent 
concentration evaluated (0.1%) had already promoted 50% inhibition of reproduc-
tion. 
Table 2. Reproduction of Ceriodaphnia dubia after 7 days of exposure to different TCF effluent concentrations. 
Effluent Concentration (%) 	 Reproduction (young/adult) 
Control 14 
0.1 07 
1.0 07 
10 07 
100 0 
Growth inhibition of S. subspicatus algae as a function of different effluent concen-
tration rates is shown in Figure 2. At concentrations of 12.5%, 25%, 50% and 100%, 
the inhibition of growth was 51%, 68%, 74% and 73%, respectively. This test pre-
sented EC and EC20 values of 7.3% e 2.5%, respectively. 
Based on these results, and in comparison with the control, it is possible to 
affirm that all the effluent concentrations tested had inhibition effects on the algae 
growth. 
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The low molecular weight fraction of the EOP effluent extractable with ethyl 
acetate at pH 2 was characterized by GC/MS. Figure 3 shows the total ions chro-
matogram (TIC) for the ethyl acetate extract derivatized with BSTFA. 
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Figure 2. Scenedesmus subspicatus growth inhibition at different TCF effluent concentrations. 
Figure 3. Total ions chromatogram (TIC) of the original EOP effluent fraction extracted with 
ethyl acetate, evaporated at reduced pressure and derivatized with BSTFA. 
Compound 1, responsible for the highest peak in the chromatogram was identi-
fied as silylated derived from butanedioic acid. The compounds responsible for 
peaks 2, 3, 5 and 9 were identified as silylated derived from methylbutanedioic; 
2,3-bis (oxy) propanedioic; oxy-propanedioic and 3-methoxy-4-(oxy) benzoic ac-
ids, respectively. Compounds 4 and 7 presented different retention times; howev-
er, the fragmentation path presented by the mass spectra of both compounds was 
the same (compound 7 had a complete silylation) and was attributed to the silylat-
ed derived from the oxy-butanedioic acid. Peaks 6 and 8 also presented compounds 
identified as silylated derived from carboxilic acids and their complete identifica-
tion was not possible. The other peaks that appeared in the chromatogram after 
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peak 9 were identified as silylated derived from sugars. The eluted peaks in the 
beginning of the chromatogram (until 7:40 min) were attributed to the decomposi-
tion of the BSTFA. 
All these carboxilic acids of low molecular weight must have been generated 
as final products of sugar decomposition in basic medium, except for number 9, 
generated from lignin degradation (Fengel and Wegener, 1989). However, the tox-
icity of these compounds to aquatic life is still not very clear. Probably, a large part 
of these compounds is biodegraded by the microbiota existing in the environment. 
However, some compounds can be biodegraded very slowly, and for this reason 
they are bioaccumulative for the fish. 
4 Conclusions 
Toxicity data indicated that some highly toxic compounds should be 
present in this effluent. 
GC/MS analysis of TMS derivatives indicated the occurrence of some 
aliphatic and aromatic carboxylic acids which could contribute to the toxici-
ty of this effluent. 
Acknowledgements 
Financial support from CAPES/PICDT, FAPESP and SCTDE/SP is acknowledged. 
References 
ABNT (1993). Agua-Ensaio de Toxicidade aguda corn Daphnia similis Claus 1876 (Cladocera, 
Crustacea). Norma NBR 12713. Rio de Janeiro, ABNT, p. 16. 
CETESB (1991). Agua-Avaliacåo de Toxicidade Crönica, Utilizando Ceriodaphnia dubia Richard 
1894 (Cladocera, Crustacea). Norma Técnica L5.022, Sao Paulo, CETESB, p.33. 
Dethlefs, F.; Stan, H-J.and Kalnowski, G. (1995). Chemical and Toxicological Characterization 
of a Pulp Mill EOP Bleachery Effluent. Vorn Wasser, 85, 149-165. 
Fengel, D. and Wegener, G. (1989). Wood Chemistry, Ultrastructure, Reactions. Walter de Gru-
yter, Berlin, New York, PP 297. 
Folke, J.F.; Renberg, L. and McCubbin, N. (1996). Environmental Aspects of ECF VS. TCF Pulp 
Bleaching. Environmental Fate and Effects of Pulp and Paper Mill Effluents, M.R. Ser-
vos, K.R. Munkitrick, J.H. Carey and G. Van Der Kraak (ed.), St. Lucie Press, Delray 
Beach, FL., pp 681-691. 
ISO 8692 (1989). Water Quality-Algae Growth Inhibition Test with Scenedesmus subspicatus and 
Selenastrum capricornutum. International Standard Organization. Geneva, Switzerland. 
Jardim, W.F., Pasquini, C., Guimaråes, J.R. and Faria, L.C. Short-term Toxicity Test Using Es-
cherichia coli: Monitoring CO2 Production by Flow Injection Analysis. Wat. Res. 24: 351-
354 (1990). 
Paiva, T.C.B.; Ferraz, A.; Silva, F.T. and Durån, N. (1998). Toxicity and chemical characteriza-
tion of a TCF bleaching effluent. 7th International Conference on Biotechnology in the 
Pulp and Paper Industry, Proceedings, Vancouver, Canada, vol C, pp C211-214. 
Ristolainen, M. and Alen, R. (1998). Characterization of Effluents from TCF Bleaching of 
Hardwood Kraft Pulp. Journal of Pulp and Paper Science, 24(4), pp 129-133. 
Verta, M.; Ahtiainen, J.; Nakari, T.; Langi, A. and Talka, E. (1996). The Effect of Waste Constitu-
ents on The Toxicity of TCF and ECF Pulp Bleaching Effluents. Environmental Fate 
and Effects of Pulp and Paper Mill Effluents, M.R. Servos, K.R. Munkitrick, J.H. Carey 
and G. Van Der Kraak (ed.), St. Lucie Press, Delray Beach, FL., pp 41-51. 
The Finnish Environment 417 	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0 
Differential "spectrum" redox- 
components of sewages of pulp and 
paper mills 
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Abstract 
Sewages of two production lines of pulp and paper mills were studied for contri-
bution of different organic components in the integral variable chemical oxygen 
demand (COD). The sewages were analyzed, fractionated, and COD of fractions 
were measured. In addition, model solutions were prepared and tested for COD. 
Fractions of chlorinated compounds and lignin substances represented the great-
est loads in total COD. The next important loads originated from volatile sub-
stances and oil products. 
Keywords: waste waters, chemical oxygen demand, pulp and paper mill 
I Introduction 
At present, state ecological supervision of the pulp and paper industry in Russia 
consists of control of 17 ingredients of the sewages, such as chemical oxygen de-
mand (COD), BOD, suspended solids, lignin, methanol, turpentine, phenols, oil 
products etc. But the variable COD is a complex integral factor, characterizing 
degree of pollution of water, including lignin materials, solids, BOD and other 
specific polluting materials, being included in the sewage and enclosed in lists of 
controlled factors. Statistical data processing shows that individual sewage com-
ponents have significant correlations with the COD. Therefore, a proposal to prac-
tices of control has been submitted, that COD should be used as a single control 
variable which replaces the complex of polluting factors in the pulp and paper 
mill discharge flow. 
In this connection the improvement of ecological monitoring and develop-
ment of the most perfect systems for ecological payments can be achieved by re-
vising the list of priority factors for state control of sewages from pulp and paper 
industry enterprises. The list could be reduced to 6 — 10 ingredients. However, 
such revision presumes more detailed analytical study on the contribution of indi-
vidual materials and groups of components in the chemical oxygen demand fac-
tor as a whole. 
Aim of the present work was to measure the contribution in COD of separate 
individual materials and fractions of organic components, as an example, in the 
sewages of two production modes of the Arkhangelsk pulp and paper mill. 
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2 Experimental 
As objects of the study were chosen local sewers of II and III technological lines of 
kraft pulp production. Principle difference of these sewers consists of the absence 
of bleaching on the II queues, and presence of bleaching in the III technological 
line of craft-cellulose production. 
For the evaluation of the contribution, fractions of organic components in the 
integral COD factor were separated from the sewage by a specially designed 
scheme, based on protolytical characteristics and solubility of organic components 
(Korenman 1977, Krunchak, Bogolitsyn 1979). As a result of division the following 
fractions were obtained: volatile components, lignin materials, non-volatile phe-
nols, neutral materials, normal fat and resin acids, oxidized resin and fat acids. 
Apart outside the scheme stood the oil-products. The volatile materials were sep-
arated by distillation; non-volatile organic components by extraction with differ-
ent solvents under different pH values. Hereinafter, evaluation of the contribution 
of specified fractions in the total value of the COD parameter was performed. 
COD of source water and volatile components was determined by the stand-
ard method for the dichromate oxidirability (Lurie 1974, 1984, Lurie and Rybnico-
va 1974) in each test and for each fraction after distillation. 
COD of the fractions of organic components was planned to determine by 
preparation of model solutions on received values of the mass concentration and 
further their test for COD. However, unlike in technological ambiences and black 
liquor, in sewages the concentration of soluble organic components is small, and 
hereupon exceedingly small amounts of selecting fractions were obtained in sepa-
rations (Bayerman 1987). Therefore, for the COD determination of lignin materi-
als, neutral materials, non-volatile phenols, normal and oxidized acids calibra-
tions of the dependency COD from concentrations of the material were built. To 
achieve this effect, calibration solutions from total received fractions were pre-
pared for the range of concentrations from minimum to near maximum present in 
the investigated sewages. Then, determination of the COD parameter for each 
solution was done, and calculation of calibration dependencies was performed. 
Such model dependencies of the COD variable on concentrations of volatile phe-
nols, turpentine and methanol were produced. The COD values of each fraction of 
the studied sewage were computed by regression of the received factors in models. 
3 Results 
Table I. Relative contribution of different organic fractions in integral parameter COD. 
II technological line of 	III technological line of 
kraft pulp production kraft pulp production 
Sewage 1 00.00% 100.00% 
Chlorinated compounds 2.3I% 51.86% 
Lignin substances 76.69% 22.37% 
Volatile substances 17.2I% 25.05% 
Volatile 	phenols 1.40% 2.68% 
Methanol 1.75% 2.18% 
Turpentine 1.19% 1.67% 
Neutral substances 1.87% 2.41% 
Non-volatile phenols 4.44% 3.09% 
Normal acids 6.69% 7.62% 
Oxidized 	acids 7.36% 7.20% 
Oil products 16.66% 24.27% 
In 	all 	(basic): 116.57% 119.6% 
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4 Conclusions 
• The evaluation of the contribution of individual materials and groups of 
components has revealed that the main part in the value of COD adminis-
ter chlorinated compounds and lignin materials (in the amount up to 80%). 
From the other groups are significant in COD oxidized resin and fatty acids 
(about 7%), normal resin and fatty acids (about 6%), and oil products (16-
20%). Also an essential role in COD variable plays the fraction of volatile 
components (up to 25%), comprising of itself by such individual compo-
nents as turpentine (1.5%), methanol (more than 2%), and volatile phenols 
(more than 2%). 
• Differences of the major COD contributions between samples II and III (Ta-
ble 1) reflect the fact that lignin materials dissolved as result of delignifica-
tion occur in the sewage, depending on the delignification reagent, as 
lignosulphonics acids or as chlorinated lignin. 
Bleaching process causes a redistribution of kraft lignin components in the 
sewage. A certain portion lignin structures, as a result chlorinating of un-
substitutied active centers, moves over to the group of chlorinated com-
pounds. This fraction consists of both organic and inorganic components. 
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Abstract 
The work deals with the dynamics of variation of the contaminant content in the 
Syktyvkar Forest Enterprise (SFE) sewage according to the monitoring conducted 
in 1994-1999. Chemical oxygen demand (COD) was used as the basic parameter 
characterizing dynamics of the process. The investigation relied on the methods 
of non-linear dynamics of in equilibrium systems. Reconstruction of the attractor 
has been done, and its scaling indices — the correlation dimension and the Huerst 
index have been determined. It has been shown that, as a dynamic system, SFE 
functions in a complex regime, which comprises superposition of a strange attrac-
tor with a fractal structure and chaotic noise. 
Keywords: ecology, industrial sewage monitoring, chemical oxygen demand, non-
linear dynamic, fractal structure, attractor, correlation dimension. 
I Introduction 
Protection of environment from contaminating chemical agents from different pro-
ductions has been given increasing attention throughout the world. Environmen-
tal monitoring of aquatic environments, of which industrial sewage monitoring is 
an integral part, constitutes the basis of the practices aimed at preventing and 
reducing the negative environmental impacts. Industrial sewage monitoring should 
be understood as an informational system consisting of: a) regular determinations 
of the contaminant content in the sewage; b) assessment and mathematical analy-
sis of spatial-temporal changes in the sewage, i.e. sewage composition dynamics; 
c) prediction of the changes in the effluent contaminant content as a result of the 
production process. 
The present paper describes a study of the dynamics of the chemical compo-
sition of the SFE sewage in terms of COD or, which is virtually the same, dynamics 
of the SFE work on "chemical waste production" according to the industrial sew-
age monitoring. 
Traditional approach to the analysis of observation results is associated with 
statistical methods, basically regression and dispersion statistics. A modern pulp-
and-paper production, like SFE, belongs to the class of the so-called complex dy-
namic systems, for which the above-mentioned approach does not ensure mean-
ingful results, because one often fails to establish a direct relationship between 
characteristics of a variety of different processes, and given the non-linear charac- 
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ter of the processes under study and links between them, correlation coefficients 
turn out to be fairly small. The most promising approach in this case is provided 
by modern methods of non-linear dynamics. As has been recently found [2], iden-
tification of dynamic behavior of a system is possible even if an investigator has at 
his disposal only a time sequence (time series) of a characteristic parameter in a 
point of a spatially distributed system. To analyse the COD time series, we relied 
on the apparatus of fractal mathematics and chemical synergetics as well as Pack-
ard and Grassberg-Procaccia methods (Moon. 1992). 
2 Experimental 
A production's sewage consists of the sewage flows coming from different depart-
ments and sites of the production. The separate sewage flows then come together 
in a major sewage collector. It is one of the monitoring objects, where daily sam-
pling is done in order to make analytical determination of the total chemical con-
tamination with organic substances, characterized by the amount of oxygen, re-
quired to oxidise the "organics" with potassium bichromate. The contamination 
index for this object in the industrial sewage system ("contaminated sewage") is 
designated as COD-C and is measured in "mg of oxygen per one liter of sewage" 
units, i.e. mg O2/dm3. For the mathematical analysis we used data from daily COD 
determinations performed during 5 years, i.e. the length of the time series was 
1825 points. Besides, we used data on COD in the point COD-P, where the sewage 
flows out of the sewage purification works. Length of the series —1795 points. 
3 Results and discussion 
Figure 1 shows data obtained from the sewage monitoring in the period from May 
1994 to May 1999. As is obvious from the figure, the analysed dynamic variables 
COD-C and COD-P show rather steep unpredictable rises-fluctuations. Fluctua-
tion dynamics of this complex system, observed as a time series of the COD indi-
ces, is reminiscent of Brownian movement in relation to the mean COD value. No 
periodical patterns, including seasonal ones, were observed. The maximal COD 
value for the "dirty" sewage reached 3600 mgO2/1, the minimal one was equal to 
200 mg 02/1. Naturally, the range of the COD values for purified sewage was 
significantly narrower: between 50 mgO2/1 and 500 mg 02/1. Practically no corre-
lation's between daily COD measurements (analyses) were found. At the same 
time, there is a certain relationship between mean quarter-of-a-year's COD-C and 
COD-P values. These values indicate a tendency to an increase in the contaminant 
content in the sewage from 1997 to 1999. 
Methods of non-linear dynamics are a universal tool to study steady dynam-
ic processes, both natural and artificial. These methods allow one to determine 
whether the process under study is a regular or a random one, or whether it is 
deterministic chaos which can be described in terms of differential equations. It is 
known that self-organization phenomena are observed in many complex systems, 
where they give rise to different structures, including temporal fractals. It should 
be noted that information about parameters of such temporal fractal structures is 
of vital importance for predicting the evolution of complex technological systems, 
forecasts about catastrophic events and emergencies. In order to reveal self-organ-
ization in one or another way connected with the system's dynamics, one need to 
make a detailed analysis of the geometric image of the dynamic regime- attractor 
that is defined as the so-called attracting set of trajectories of the system in a N-
dimensional phase (or pseudophase) space. Coordinates of the phase space are 
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Figure I.The dependence of COD on time. Top dependence for "dirty" sewage, 
bottom — purified sewage. 
dynamic variables of the process. Each type of dynamic behavior is matched by its 
own attractor and, consequently, its own geometric image — phase portrait. For 
example, dynamics of an ordinary chemical reaction corresponds to an attractor in 
the form of a stable point. Regular fluctuations (with the periodic regimes of the 
Belousov-Zhabotinsky reaction in mind) correspond to a steady limiting cycle. 
These classical attractors correspond to classical geometric domains: a point, a 
closed curve (circle, ellipsis, etc.) or a surface in a three-dimensional phase space. 
Unordered trajectories of the phase portrait indicate the presence of a chaotic at-
tractor, the so-called strange attractor being one of the class. The geometric image 
of a strange attractor in a phase space is a fractal object. Fractals, it will be remem-
bered, are sets characterized by scale invariance (scaling) and fractal dimension 
(Feder. 1988). 
Figure 2 shows a two-dimensional pseudophase portrait of the dynamics of 
the effluent contaminant content (COD-C series), constructed by the Packard de-
lay method according to the data in Figure 1. The two-dimensional pseudophase 
portrait represents dependence of the COD value on this same value taken in an-
other time point, preceding the former time point at a fixed value dt, i.e. [COD(t), 
COD(t+dt)]. Pseudophase portraits of phase spaces of larger dimensions are rep-
resented in a similar way [COD(t), COD(t+dt), COD(t+2dt), ...... COD(t+(Nd 1)dt)J, 
where Nd is the space dimension. The unordered phase trajectory indicates, that 
dynamics of the process follows the regime of a chaotic attractor. 
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Figure 2. Pseudophase image according to the data in Figure 2. 
The next step in our investigation was to give a quantitative characteristic to the 
pseudophase portraits. In order to estimate the regularities in the distribution of 
the points lying on the pseudophase trajectories (of the point set, because the tra-
jectory is a total of N points) in the space as well as to establish the fact of conver-
gence of the trajectories to an attractor, we used the integral correlation function: 
l 1 N 
C(r)_ ~T2 	,® (r — I ` —xj 
i,J,i~j 
where q is the Heavyside function, N — number of points, x. — point of the phase 
space with coordinates h(x), h(x((x), h(x(2(x)....... h(x((D-1)(x) (x. — x1(-- distance 
from the i-th point to the j-th point, r -- given distance from point x., where points 
are counted 
0=1, if( r-Ix,-x;I)>0 
0=0,if(r-fix,-x)<0 
Figure 3 shows dependence of the correlation function C(r) on the distance r in a 1-
20-dimensional space according to the data given in Figure 2. The figure demon-
strates that there are rather long segments, where this dependence is linear. It means 
that the integral correlation function of the analysed regime is an invariant meas-
ure, i.e. the scaling principle is fulfilled. 
The next question to be answered was: what is the dimension of the attractor 
and the space, where this attractor is evolving. From our calculations (see Table), 
performed in accordance with equation lnC(r) = dc ln(r) (parameter dc denotes the 
correlation fractal dimension), the fractal dimension for the COD-C series was 
found to be d=1,92 (for Nd =2) and 2,70 in a three-dimensional pseudophase space. 
These values for the COD-P series are: d=1,94 (for Nd =2) and dc=2,62 (for Nd =3). 
Thus, the following conclusion can be made: according to the sewage monitoring 
data, dynamics of the SFE production corresponds to a strange attractor, because 
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presence of a fractal structure has been proved. This conclusion follows from the 
fact that the principle of scale invariance asserts and the pseudophase portraits 
have a fractal dimension. Presence of a fractal structure is supported by calcula-
tion of the Hurst index H, which is a statistic characteristic of the structure and is 
determined according to equation 
R/S=(-c/2)", where 
R – range (difference between the maximal and minimal values of the measured 
parameter), 
S – standard deviation (square root of dispersion), 
i t time span. 
The range 0,5<H>1 is typical of the systems with the so-called deterministic chaos, 
i.e. the systems with one or another form of ordering, for example, fractal noise 
H=0,81(0,02. For a random unordered sequence, the value of the Hurst index is 
equal to 0,5. We have estimated the values of the H index for the time series under 
study. As is evident from Table, the H value for the COD-C series equals 0,883; 
practically the same value was obtained for the time series COD-P: 0,894. 
r 
0 e 
e a 
L  
.—-4 e U 
e 
Figure 3. The dependence of the correlational function C(r) for the phase image of Figure 2 in 
the 1-20 –dimensional space. 
Table. Scaling indices of the SFE effluent contaminant content dynamics. 
Time series 	 H 	 Dimension d c of the pseudophase 
portrait of the N d dimension 
2 	 3 
COD-C 	 0,883 	 1,92 	 2,70 
COD-P 	 0,894 	 1,94 2,62 
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These facts suggest that the studied spatial sequences are characterized by some 
hidden inner order, which at the present stage is identified as a fractal one. It fol-
lows, that the time evolution of the investigated complex system, SFE, represents 
a steady dynamic state, designated as a strange attractor. To draw a line, in this 
case we deal with non-linear dynamic self-organization, because the system spon-
taneously develops an inner order of the fractal type. In contrast to other, simpler 
types of self-organization, giving rise to trivial structures, like periodic ones, the 
fractal structure in natural and complex technological systems can be disclosed 
and described only in the phase space, as was shown above. 
Let us now determine the correlation dimension of this attractor and find out 
what dimension N of the enclosing space is required for us to be able to trace all 
the topological features of the attractor. One can say, that the value of N coincides 
with the dimension of the space, in which "dwells" the attractor, consequently, if 
we want to adequately describe and model the process of lignification, we need to 
make a set of N differential equations. To find dc, the value of the correlation 
dimension of the attractor, we constructed pseudophase spaces of increasing di-
mensions and determined the dimensions by the linear segment of the 1nC(r) = d 
ln( r ) dependence (Figure 3). Following that, the dependence of the attractor's 
dimension dc on the dimension of the space was plotted. As is known, for a ran-
dom unordered process like "white noise", dimension of the phase trajectory is 
equal to the dimension of the enclosing space. If the system includes an attractor, 
then the dependence of the dimensions don  Nd flattens. In accordance with theo-
retical views, the asymptotic value of d  coincides with the sought for value of the 
attractor's dimension. Figure 4 shows the correlation fractal dimension of the at-
tractor as function of the space dimension. It is evident, that the dependence of dc 
on Nd monotonously increases with increasing dimension of the space rather than 
sticks, as one would expect, to a permanent value. Apparently, in this case, super-
position of a small-size attractor and random noises takes place. It is obvious, that 
dynamics of the effluent contaminant content variation is rather strongly influ-
enced by purely stochastic processes. 
Nd 
Figure 4. The dependence of the fractal dimension of the attractor on the dimension enclosing 
space. 
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An important practical conclusion derived from the mathematical analysis of 
the SFE sewage monitoring is that evolutional dynamics of the sewage system 
before and after the purification works is absolutely the same, i.e. functioning of 
the purification works at the macrostructural level is characterized by simple dy-
namic behavior. This conclusion is supported by comparison (Figure 4) of the graphs 
of the correlation dimension of the COD-C and COD-P time series. 
4 Conclusions 
Dynamics of the chemical composition of the sewage from Syktyvkar Forest En-
terprise has been studied on the basis of the monitoring conducted in 1994-1999. 
Chronologically ordered values of chemical oxygen demand (COD) were used to 
reconstruct the dynamic attractor and establish its parameters: the Hurst indices 
(0,88-0,90) and the fractal correlation dimensions. The obtained data suggest that 
SFE, as a dynamic system, functions in a complex regime, representing a superpo-
sition of a strange attractor with a fractal structure and chaotic noises. In terms of 
dynamics, functioning of the purification works is described as a linear process 
and corresponds to a simple attractor in the form of a stable point. These data can 
be used to develop new approaches to prognosticate the environmental situation 
on the basis of the theory of dynamic self-organization and self-organized criticity. 
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Abstract 
The influence of pulp mill effluents from an elemental chlorine free (ECF) process 
on growth of two common filamentous algae, the brackish water Ceramium tenui-
corne and the marine Ceramium strictum has been investigated. Since the use of 
complexing agents such as EDTA has increased considerably in modern pulp mill 
processes, the bioassay tests were made both with and without addition of EDTA 
to the effluent water. To further study the influence of EDTA on the bioavailability 
of metals a fractionation by semipermeable membranes was performed. 
Ceramium tenuicorne and Ceramium strictum responded similar to the differ-
ent types of effluent waters used. The total effluent water had a growth inhibiting 
effect on both species of algae at effluent concentrations above 10 vol-% compared 
to a control of natural sea water, enriched with nitrogen, phosphorous, and trace 
metals (control B). When algal growth is compared to growth in natural sea water, 
enriched with only nitrogen and phosphorous (control A), a stimulation was ob-
served for both species of algae at concentrations between 1 to 40 vol-% effluent 
water. In the dialytic fraction of the effluent water, EDTA stimulated growth of 
both C. tenuicorne and C. strictum up to 100% compared to growth in dialytic water 
without EDTA. No significant changes in algal response was notable between the 
two sampling days, i.e. day 6 and day 62, implying that degrading of substances 
affecting growth was minimal in the effluent water. 
Keywords: pulp mill, EDTA, algae, Ceramium, toxicity, stimulation, eutrophication 
Introduction 
In the two last decades studies on harmful effects from the pulp mill industry has 
focused on the discharges of chloroorganic substances. Correlation between these 
substances and toxic effects have been published by a number of authors (e.g. 
Södergren 1993 and references therein, Tana and Lehtinen 1996 and references 
therein). This has led to improvements within the pulp industry such as consider-
ably decreased discharges of substances measured as COD (Lagergren 1996, SEPA 
1998). Introduction of new procedures within the process and employment of new 
bleaching methods have reduced toxicity to biota (e.g. Eklund et al. 1996, Tarkpea 
et al. 1999). In modern pulp mills, bleaching is often performed with ozone and 
hydrogen peroxide. To avoid degradation of the bleaching chemicals by metals in 
the wood a complexing agent is added to bind the metals. Therefore the use of 
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complexing agents such as EDTA and DTPA increased five times from 1993 to 
1998. The total use of EDTA in Sweden amounted to 2000 tonnes in 1996 (Winell 
SEPA pers. corn). 
The purpose of this investigation was to measure the effect of pulp mill efflu-
ents on growth of two algae common in the recipient. Of special interest was to 
study the effect from the metal discharge in combination with EDTA. We also ex-
amined if the effect of the effluent water on algal growth changed over time there-
by indicating degradation of the water. 
Method 
Effluent samples were taken from Iggesund pulp mill in September 1997 at a time 
when the processes were running well. The production in 1997 was 300 000 ton of 
pulp where about half was hardwood and half softwood. The bleaching sequenc-
es for hardwood was D (EOP) D (EP) D and for softwood D (EOP) D D (D = chlo-
rinedioxide, E = NaOH, 0 = oxygen, P = hydrogenperoxide). At the time for sam-
pling no complexing agents were included in the process. One grab samples of 
effluent water was taken and divided into two 501 containers. 
To one of the containers EDTA was added to a concentration of 20 mg/l which 
is a normal amount used in the pulp industry. The containers were placed in the 
laboratory in room temperature (20 C) and in dim light (1µmol s 1 m2). To ensure 
good conditions for degradation continuos air bubbling was used during the two 
months experimental time. To obtain dialytic fractions, tubes made of cellulose 
acetate with a molecular cut off size of 10 000 were filled with distilled water and 
added to each container for six days. This device allows metal ions and metals 
complexed with EDTA to move freely through the semipermeable membranes 
(SMPD) while large organic and lipophilic substances, for instance resin acids, are 
unable to pass (Borg & Andersson, 1984). Sampling in both containers of the total 
effluent waters and their respective dialytic fractions were performed on day 6 
and day 62. 
Chemical parameters measured on the waters were pH, conductivity, total 
nitrogen, nitrite and nitrate, total phosphorus, phosphate, and total organic car-
bon (TOC). 
In the growth test Ceramium tenuicorne and C. strictum, two related common 
red algae species were used. The former is a brackish water species that is com-
mon all over the Baltic Sea. The latter is a marine species found in temperate wa-
ters in all oceans. The algae were cultivated according to Eklund (1995).The end-
point used was growth as length increase during 7 days. The effluent water sam-
ples were adjusted with NaCl to the right salinity for each species, 6,8 %o for C. 
tenuicorne and 20 %o for C. strictum. pH was measured and if higher than 9 adjust-
ed with 1M HCl to approximately 8. The growth test was performed in continuos 
light at an intensity of 70 5 mol s' m2 at room temperature (23 1 C). To ensure 
sufficient concentrations of nitrogen and phosphorous in all different tested efflu-
ent concentrations, nitrate and phosphate were added to the water samples in the 
same proportions as in the dilution/control water (3.5 mg N/L, 0.88 mg P/L). 
Two different kind of control water were used: 
A. Natural seawater + N + P and vitamins (thiamine 50 µg/L, cyanocobala-
mine 0.5 tg/L, biotin 0.5 tg/) 
B. Natural seawater + N + P + vitamins and trace elements (Fe 103 tg/L, 
Mn 101 µg/L, Zn 28.5 tg/L, Mo 25.8 tg/L, Co 0.5 µg/L, Cu 0.5 tg/L) 
Control A is the same water as the dilution water. Control B is the same medium 
used for cultivation of the algae. 
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Results 
The chemical parameters are shown in table 1. The data show that there is no large 
chemical differences in the waters between the two sampling dates. 
Table D. Chemical data on effluent waters from a pulp mill where EDTA was added to one of the series and not to the 
other. Samples have been taken after 6 and 62 days of degradation in room temperature and constant air bubbling. 
Day 
pH Conductivity 
mS/m 
Alkalinity 
mekv/L 
Nitrogen 	Phosphorus 
Total 	Inorganic 
mg/L 	mg/L 
Carbon 
Total 
mg/L 
Dnorganic Total organic 
mg/L 	mg/L 
Total no EDTA 6 8.0 121 4.34 1.1 < 0.47 0.15 I10 
effluent 62 8.4 109 3.01 1.3 < 0.22 0.13 88 
EDTA 6 7.7 126 4.15 2.6 < 0.46 0.16 115 
62 8.3 106 2.91 1.8 < 0.22 0.14 88 
Dialytic no EDTA 6 8.0 124 4.29 0.3 < 0.20 0.09 55 
fraction 62 8.5 105 2.92 0.2 < 0.17 0.11 31 
EDTA 6 8.1 124 4.33 1.3 < 0.17 0.09 57 
62 8.4 105 2.84 I.I < 0.15 no data no data 
< = below detection limit 
Algal growth in percentage compared to control A is shown in table 2 and growth 
compared to control B is shown in figure 1. Growth of the two species of mac-
roalgae was similar in the total effluent waters and in the dialytic fraction at both 
sample occasions i.e. day 6 and day 62. For C. tenuicorne 1 vol-% of the total efflu-
ent water reduced algal growth by about 70% compared to control water B (Fig. 1). 
For C. strictum in ditto water, growth was reduced by 30% without EDTA and 0-
10% with EDTA. Total effluent water of 5 vol-%, with and without EDTA, support-
ed almost as good growth as control B for both algae species. Inclusion of total 
effluent water of more than 10 vol-% was inhibitory on growth for both species. 
The presence of EDTA significantly increased the growth performance of both 
species (Fig. 1.). For C. tenuicorne highest growth occurred in the dialytic water 
fraction of 20 and 40 vol-% at both sampling dates when EDTA was present. For C. 
strictum the highest stimulation was seen between 5 and 40 vol-% in ditto water. 
Algal growth in the effluent water can also be compared to growth in natural wa-
ter with only nitrogen and phosphorus added (control A). In this case stimulation 
of growth with as much as 350% is seen in the total effluent water in concentra-
tions up to 20 vol-% and in the dialytic fraction in concentrations up to 40 vol-% 
(Table 2). There was no significant difference in algal growth response to effluent 
water sampled day 6 and day 62. 
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Fig. I. Growth of two red algae in different concentrations of effluent water from a pulp mill 
where EDTA was included in one series and not in the other. Total effluent water and the re-
spective dialytic fractions were tested. Growth is compared to a control (B) in natural seawater 
where nitrogen, phosphorus, iron and trace metals have been added. Day 62 show result after 
degradation in room temperature and airbubbling for two months. Tot = total effluent water. 
Dia = dialytic fraction of the effluent water. Error bars show 9S% confidence limits. 
The Finnish Environment 417 	. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0 
Table 2. Growth of two red algae in different concentrations of effluent water from a pulp mill where EDTA was in-
cluded in one series and not in the other. Total effluent water and the respective dialytic fractions were tested. Growth 
is compared to a control (A) in natural seawater where only nitrogen and phosphorus have been added. Day 62 show 
result after degradation in room temperature and airbubbling for two months. 
Ceramium tenuicorne 	 Ceramium strictum 
Day 6 	 Day 62 	 Day 6 	 Day 62 
effluent no EDTA 	EDTA 	no EDTA 	EDTA 	% effluent no EDTA 	EDTA 	no EDTA 	EDTA 
water % growth % growth 	% growth % growth 	water Yo growth Yo growth 	% growth % growth 
Total effluent water Total effluent water 
0 	100 100 100 100 0 	100 100 100 100 
I 	109 115 128 109 I 	191 261 155 188 
S 	305 313 344 316 5 	264 288 154 146 
10 	258 351 356 328 10 	233 230 94 104 
20 	185 262 256 234 20 	168 119 11 68 
40 	85 145 112 166 40 	135 82 34 41 
80 	4 81 12 63 80 	21 25 5 5 
Dialytic fraction Dialytic fraction 
0 	100 100 100 100 0 	100 100 100 100 
1 	105 IIS 95 80 I 	12 89 99 166 
5 	104 140 105 149 5 	112 240 123 251 
10 	105 184 93 196 10 	230 286 181 285 
20 	101 244 113 298 20 	210 285 255 286 
40 	136 215 224 282 40 	216 250 239 264 
80 	45 95 35 55 80 	I6 19 14 II 
Discussion 
The observed differences between growth in total effluent water and the dialytic 
water fraction can not be attributed to deficiency of nitrogen and phosphorus but 
must be due to either toxic compounds or lack of other components essential for 
algal growth. For the total effluent water, growth stimulation at concentrations 
between 5 and 10 vol-% indicate that this mixture of water contains nutrients that 
are optimal for growth of algae. At higher concentrations growth decrease proba-
bly because of increasing amount of toxic components. However, at these higher 
effluent concentrations, the dialytic fraction still supports good growth. Since li-
pophilic substances are absent in the dialytic fraction such compounds are most 
likely to be the cause to the inhibitory effect observed in the total effluent water. 
This is consistent with the findings of Eklund et al. (1996) who showed lipophilic 
substances to be harmful to the reproduction of C. strictum, and affected Microtox 
and survival of the crustacean Nitocra spinipes negatively. In the dialytic fractions 
the presence of EDTA significantly enhanced growth of both algae at all occasions. 
EDTA is known to facilitate uptake of metals and is commonly used in most me-
dia for growth of plants (e.g. ISO 1989) This may be one cause to EDTA's growth 
promoting effect observed in this study. Another explanation is the capacity of 
EDTA to complex with metals and thereby inactivate toxic metals. No significant 
changes in algal response was notable between the two sampling days implying 
that degrading of substances affecting growth was minimal in the effluent water. 
This result is supported by the chemical data in table 1. The interpretation of the 
study depends much on which control the growth data are compared to. The dif-
ference between the controls is the content of trace elements. This means that if 
nitrogen and phosphorus are found in sufficient amounts in the receiving waters 
then the bioavailability of metals will determine the growth of algae. The effluent 
from the pulp mills are rapidly diluted in the receiving areas which means that the 
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lower concentrations would be most relevant to a natural situation. However, the 
pulp mill industries handles huge volumes of wood which results in vast amounts 
of metals discharged to the recipients. The yearly discharge of metals to water 
from the Swedish pulp industry in percent of the total discharge was in 1993 for 
cadmium 30%, lead 30%, chromium 20%, nickel 20%, zinc 10% and copper 10% 
(SEPA 1993). Thus, if the addition of nitrogen and phosphorus to the recipient 
continues to increase the inflow of metals and EDTA from the wood processing 
industries might further enhance eutrophication. 
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Abstract 
Impacts of kraft pulp mill discharges on the recipient lake microbial ecosystem 
were studied Lake Saimaa in south-east Finland The activities of acetate-esterase 
and butyrate-esterase, but not those of (3-glucosidase or (3-xylosidase, had a gap in 
the layers with heaviest organic chlorine pollution (2.6-6.2 g of EOX-C1 m 2 
(1 cm)-') at the depth of +2—+6 cm dated to the 1980's. The diatom diversity was 
depressed, the same layers indicating damage also on the pelagial microbial com-
munities. Acetate-esterase and butyrate-esterase activities, but not (3-glucosidase 
or (3-xylosidase, correlated with sediment ATP content indicating that the C2 and 
C4 esterases had value as indicators for the quantity of live biomass. After envi-
ronmental investments at the discharging mill the sediment and the pelagial dia-
tom community recovered almost totally. 
Keywords: sediment enzymes, diatoms, organic chlorine, ATP, heavy metals 
I Introduction 
The microbial community of sediment ecosystem is responsible for the biodegra-
dation of organic compounds in lake sediments (Chrost 1991). Chlorine chemicals 
have been massively used in pulp bleaching during the past 50 years in Finland 
(Salkinoja-Salonen et al. 1998). The long-time impacts of these organic chlorine 
compounds on the biodegradation activity of pelagial and sediment microbial 
communities are poorly known. 
To assess the impacts of kraft pulp mill discharges on the microbial ecosys-
tems the recipient and nonrecipient sediments of Lake Saimaa in south-eastern 
Finland pollutants, hydrolytic enzyme activities of the biogeochemical cycles for 
carbon, nitrogen and phosphorus, ATP and diatom diversity were analysed. 
2 Material and methods 
A large pulp mill was built in 1935 on the shore of Lake Saimaa (61000 km'). Pulp 
bleaching with Cl2 started in 1954. The elemental chlorine used for bleaching was 
stepwise replaced with chlorine dioxide and other oxygen chemicals in 1987-91 
and biological waste water purification plant started to operate on full scale in 
1993. The reference Lake Pyylampi (0.063 km2) is situated 20 km from the recipient 
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area. Sediments were harvested with freeze finger and a Limnos corer, divided 
into 1-3 cm layers and dated with the 210Pb and 137Cs methods (Kähkönen 1998 et 
al., Suominen et al. 1997). 
Enzyme activities were analysed by kinetic fluorometry soon after sampling 
using methylumbelliferyl conjugated model substrates as described in Wittmann 
et al. (2000). Extractable organic halogen content (EOX) of the sediment was ana-
lysed (Suominen et al.1997) Diatom species were counted from 500 subsamples 
with phase contrast light microscope and 1000 fold magnification (Liukkonen et 
al. 1993). Heavy metals from the sediment were analysed after microwave nitric 
acid digestion with ICP/ mass spectroscopy (Kähkönen et al. 1998). 
3 Results and discussion 
Table 1 displays the sediment concentrations of EOX in pulp mill recipient and 
nonrecipient lake pelagials. The sediment contained up to 6200 mg Cl m2 [l cm]-1. 
These highest values were found at 4 to 6 cm depth in the layers formed in the 
1980's. After environmental investments at the mill were completed, the concen-
tration of EOX decreased in the recipient sediment to less than 1 / 10, but was still 
30 fold higher than in a nonrecipient sediment (17 mg Cl m 2 [1 cm]-') in the same 
geographical area. 
Table I. Spatial distribution of sediment EOX in the the pulp mill recipient area of Lake Saimaa (Vatavalkama) and the 
nonrecipient forest Lake Pyylampi based on data Kähkönen et al. 1999. 
Lake Saimaa 
Depth [cm] 
EOX mg Cl m-2 (I cm)' Lake Pyylampi/ 
Depth [cm] 
EOX mg CI m 2 (I cm)- ' 
0—I 440 0—I 11 
I 	-2 1190 1-2 28 
2-4 2590 2-4 32 
4-6 6160 4-6 33 
6-8 3080 6-8 41 
8-10 1060 8-10 73 
10-12 1120 10-12 92 
14-16 710 12-14 78 
18-20 62 14-16 88 
mg m 2 [1 cm]-1 	 mg m 2 [1 cm] -1  
0 100 200 300 400 500 600 0 100 200 300 400 500 600 
Figure I. The sediment contents of heavy metals (Pb,V, Ni, Hg, Zn) in the pulp mill recipient 
area of Lake Saimaa and the nearby located nonrecipient Lake Pyylampi. 
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Figure 1 shows that the industrial recipient sediment contents of Ni, V, Zn were 2-
8 fold higher than those in the nonrecipient sediment. Highest concentrations were 
in the layers older than the layers with the highest organic chlorine pollution indi-
cating that these heavy metals may be more related to the pulping (the mill started 
in 1935) or the use of fossil fuels in the area. In the layers formed after transition 
from fossil fuels to the natural gas after 1980 the sediment contents of Ni, V, Zn 
further decreased. It is known that Ni and V concentration in fossil fuels is signif-
icant (Youngs 1993). Sediment contents of Hg were similar at both study sites and 
thus was likely not related to pulp bleaching. 
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Figure 2. Spatial distributions of activities of acetate-esterase, /3-glucosidase and /3-xylosidase in 
the pulp mill recipient and nonrecipient pelagial sediments. 
Figure 2 displays examples of organic matter hydrolysing enzyme activities in the 
pulp mill recipient (Lake Saimaa) and nonrecipient sediment (Lake Pyylampi). 
Activity assays of organic matter hydrolysing enzymes in sediments showed that 
the activities of acetate- and butyrate-esterases, aminopeptidase and sulphatase 
had a gap in the most organic chlorine polluted sediment layers indicating dam-
age of sediment microbial communities. In the surface layers (0 to 2 cm) of the 
sediment acetate-esterase activity was restored, but was still only 1 / 3 of that of 
Lake Pyylampi at the same depth indicating benefit although not full restoration 
from environmental investments. The activities of (3-glucosidase, 3-xylosidase and 
phosphomonoesterase showed no activity gap in the EOX-rich layer (Fig. 2). At 
both sites the activity of acetate-esterase was 1 or 2 orders of magnitude higher 
than that of (3-glucosidase and of 13-xylosidase possibly related to the wide sub-
strate specificity of acetate-esterase. 13-glucosidase and (3-xylosidase relate to the 
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biodegradation of cellulose and hemicellulose, which are main component as the 
raw material used wood. These results showed that enzyme activities are intrinsic 
indicators for impacts of pulp mill discharges. 
Figure 3 displays sediment ATP content in relation to the activities of acetate-
esterase, butyrate-esterase, (3-glucosidase and (3-xylosidase activities. The study 
showed that acetate-esterase (r = 0.85, p < 0.05) and butyrate-esterase (r = 0.84, p 
0.05) correlated with sediment ATP content. This indicates that the activities of 
acetate-esterase and of butyrate-esterase correlated to the sediment content of ATP 
biomass and these are suitable for quantifying live biomass. Activities of (3-glu-
cosidase (r = 0.23, p < 0.23) and (3-xylosidase (r = - 0.41, p < 0.05) did not correlate 
to sediment ATP content. We reported earlier that the activity of sulphatase (r = -
0.41, p > 0.10) also did not correlate and that of phosphomonoesterase (r = - 0.84, 
p > 0.10) correlated negatively with sediment ATP content (Kähkönen et al.1999). 
The substrates which resulted into indifferent or negative correlations, had low 
log K01 -  values and were hydrophilic and thus may relate to extracellular enzymes 
only. The calculated log Kol y values i.e. were 3.4 for butyrate-esterase and 2.3 ace-
tate-esterase. These values indicate lipophilicity of the substrate. Lipophilic com-
pounds can be expected to penetrate into the intracellular space of microbes ex-
plaining the correlation of activity to that of biomass. 
Figure 4 displays the pelagial diatom biodiversity index in the pulp mill re-
cipient of Lake Saimaa and in nonrecipient sediment. It shows that the diatom 
diversity was lowest (-183 to - 206) in the pulp mill recipient during the heaviest 
pollution indicating severe damage on the pelagic microbial ecosystem. After re-
placement of elemental chlorine by chlorine dioxide in bleaching of pulp and the 
start of activated sludge treatment of all waste waters in the mill diatom diversity 
started increase (layers 0 to 4 cm, - 169) showing recovery in the pelagic diatom 
communities. During the same observation period the diversity remained stable (-
120) in the nonrecipient Lake Pyylampi. 
0 1000 2000 3000 4000 5000 
nmol ATP m-2(1 cm) -1 
Figure 3. The correlation of the activities 
(mmol m-2 (I cm)-' h-') of acetate-esterase (•), 
butyrate-esterase (A), b-glucosidase (9) and 
b-xylosidase (•) with the sediment content of 
ATP. Butyrate- and acetate-esterase activities 
are read from the left axis. b-glucosidase and 
b-xylosidase activities are read from the right 
axis. Butyrate-esterase data are from 
Kähkönen et al. 1999. 
Figure 4. Shannon's biodiversity index of 
diatom frustules in the recipient sediment 
in Lake Saimaa and in the non-recipient 
forest Lake Pyylampi. 
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Conclusions 
The results show that during the heaviest organic chlorine pollution the activities 
of butyrate-esterase and acetate-esterase, but not of 3-glucosidase or of 3-xylosi-
dase in the sediment were depressed and the diatom diversity was decreased. The 
results also show that the two esterases correlated with ATP and may serve as 
intrinsic indicators for live microbial biomass. After replacement of elemental chlo-
rine with chlorine dioxide and oxygen chemicals and installation of biological waste 
water purification plant at the mill in the pelagial and sediment microbial ecosys-
tems were restored. 
Acknowledgements 
This study was financially supported by Maj and Tor Nessling Foundation, Acad-
emy of Finland grant no 40935 and Helsinki University for Centres of Excellence. 
References 
Chrost, R.J. 1991. Environmental Control of the Synthesis and Activity of Aquatic Microbial 
Ectoenzymes. In: Microbial Enzymes in Aquatic Environments. Chrost, R.J. Springer 
Verlag, New York, pp. 29-59. 
Kähkönen M.A., Suominen K.P., Manninen P.K.G. and Salkinoja-Salonen M.S. 1998. 100 years 
of sediment accumulation history of organic halogens and heavy metals in recipient 
and nonrecipient lakes of pulping industry in Finland. Environ. Sci. Tech. 32 (12): 
1741-1746. 
Kähkönen, M.A., Liukkonen, M., Wittmann, C., Suominen, K. and Salkinoja-Salonen, M.S. 
1999, Integrative assessment of sediment quality history in pulp mill recipient area in 
Finland. Wat. Sci. Tech. 40, (11-12), 139-146. 
Liukkonen, M., Kairesalo, T. and Keto, J. 1993. Eutrophication and recovery of Lake Vesijärvi 
(south Finland): Diatom frustules in varved sediments over a 30-year period. Hydro-
biologia 269/ 270, 415-426. 
Salkinoja-Salonen, M.S., Jokela, J.K., Saski, M.S., Suominen, K. and Wittmann, C. 1998. Organ-
ic discharges from the manufacture of bleached kraft pulp: molecular properties and 
environmental impact. Proceedings, TAPPI 1998, Vancouver, Canada, April 5-8 1998, 
pp 1069-1079. 
Suominen K.P., Jaakkola T., Elomaa E., Hakulinen R. and Salkinoja-Salonen M.S.1997. Sedi-
ment accumulation of organic halogens in pristine forest lakes. Environ. Sci. Pollut. 
Res. 4 (1) 21-30. 
Wittmann, C., Suominen, K.P. and Salkinoja-Salonen, M.S. 2000. Evaluation of ecological dis-
turbance and intrinsic bioremediation potential of pulp mill contaminated lake sedi-
ment using key enzymes as probes. Environ. Poll. 107 (2), 255-261. 
Youngs, W.D., Rutzke, M., Guttermann, W.H. and Lisk, D.J. (1993). Nickel and Vanadium in 
foliage in the vicinity of oil-fired power plant. Chemosphere, 27, 1269-1272. 
G. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	The Finnish Environment 417 
Effects of pulp mill effluents on 
occurrence of extractable 
organochlorine in fish 
Wenshan Zhuang', Douglas Reeve', John Carey'-' and Bruce McKaguel 
' Dept. of Chemical Engineering & Applied Chemistry, and Pulp and Paper 
Centre, University of Toronto, 200 College St., Toronto, ON M5S 3E5, Canada 
z Canada Centre for Inland Waters, Environment Canada, 867 Lakeshore Rd, 
Burlington, ON L7R 4A6, Canada 
Abstract 
The effects of technology upgrades at a bleached kraft pulp mill on extractable 
organochlorine (EOC1) in fish were investigated. White sucker fish (Catostomus 
commersoni) were sampled downstream and upstream from the pulp mill, and in a 
reference river during the period when the mill changed from 35% C102 substitu-
tion to 100% C102 bleaching (at the end of 1991), added oxygen delignification 
(1993), and installed an aerated stabilization basin (in the fall of 1994). The sam-
plings were systematically related to technology upgrading in the mill. 
Untreated effluent derived from chlorine bleaching (low C1O2 substitution) 
caused elevated levels of EOC1 in the fish sampled in 1991. After the process changes 
to elemental chorine- free (ECF) bleaching and oxygen delignification, and the 
installation of biological treatment system, the fish EOCI decreased steadily over 
time. The EOCI level in fillets of the 1995 fish declined by 50% compared to the 
1991 fish and decreased further in 1997 to close to the background level. The major 
factor appeared to be the installation of 100% C102 bleaching. 
Keywords: extractable organochlorine, EOC1, bleached kraft mill effluent, BKME, 
chlorine dioxide substitution, ECF, oxygen delignification, biological treatment, 
white sucker 
I Introduction 
In the past decade, the pulp and paper industry in North America has undergone 
major process changes and technology upgrades. These modifications were moti-
vated not only by the desire to improve the quality and lower the cost of products, 
but also by the need to eliminate pollutants to comply with ever stricter environ-
mental polices and regulations. The process change from chlorine bleaching to 
chlorine dioxide bleaching and the implementation of biological effluent treat-
ment systems are efforts made in particular to improve the quality of effluent dis-
charged to the aquatic environment. Oxygen delignification has been widely in-
troduced into the fibre line for lowering chemical consumption in subsequent 
bleaching processes, thus indirectly contributing to improved effluent quality. In-
deed, these technology upgrades have brought about marked achievements in 
environmental control and management including (Reeve, 1996; McKague & Carl-
berg, 1996; Servos et al., 1998): 
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up to a 5.5-fold reduction of organochlorine and a reduction to non-detecta-
ble levels of chlorinated dioxins/furans in fully bleached commercial 
pulps; 
a significant decrease in effluent AOX, EOX, COD, BOD, color, and toxicity, 
and a decrease of chlorinated dioxins/furans and highly chlorinated phe-
nolics in final effluents to non-detectable levels; 
a rapid decline of chlorinated dioxins/furans in downstream fish to about 
background levels. 
The effects of these technology upgrades on levels of EOC1 in fish have not been 
rigorously evaluated. There is a body of EOC1 data available in the literature, but 
only a few field studies were designed in a systematic way to link EOC1 levels in 
aquatic biota to the evolution of mill technology. Carlberg and Nashaug (1987) 
monitored changes in EOCI in downstream fish following the closing of a bleached 
sulphite pulp mill in Norway that used a CEHD bleaching sequence but had no 
effluent treatment. Elevated levels of EOCI (220-1990 µg/g extract in contrast to 
45-80 µg/g extract in reference fishes) persisted for at least one year and four 
months after the mill closed. A decline of EOC1 to about the reference levels was 
observed only in the third sampling conducted almost three and a half years after 
the closing. In evaluating the effects of chlorine dioxide substitution, Sonnenberg 
et al. (1998) observed decrements of EOCI in downstream fish corresponding to 
incrementing dioxide substitution from 0%, 20%, 50%, up to 70% (in less than 
three years) in a Canadian bleached kraft mill located on St. Maurice River, Que-
bec. However, each of the decrements was not statistically significant, and the 
final value (79-149 µg/g  extract) was still much higher than the background lev-
els (24-46 µg/g  extract). In a laboratory exposure study, Hemming and Lehtinen 
(1988) studied the effects of effluents originating from unbleached pulp produc-
tion, and bleached pulp production using a bleaching sequence of OC/DEDED 
with incremental chlorine dioxide substitutions of 15, 50 and 90%. Stickleback fish 
were exposed to the effluents diluted 1:400. A consistent decrease in whole fish 
EOCl (from 980 µg/g  extract to 460 µg/g  extract) was observed as chlorine diox-
ide substitution incremented. 
In this work, the effects of a series of technology upgrades which occurred at 
a bleached kraft pulp mill during the first half of 1990s on fish EOCl were deter-
mined. 
2 Methodology 
2.1 Fish samples and bleached kraft mill 
White sucker samples were donated by the Canada Centre for Inland Waters 
(CCIW). The fish were sampled in the Mattagami River in 1991, 1994, 1995 and 
1997, and in the Groundhog River in 1991 and 1995. To minimize possible seasonal 
variation in fish EOC1 due to factors such as spawning of female fish, rate changes 
of fish metabolism and changes in river flow, all samplings took place in the fall 
season. Located in North Ontario, these two rivers flow northwards and converge 
to the Moose River. The Mattagami receives effluent from a bleached kraft mill at 
Smooth Rock Falls, while the Groundhog is a pristine river. As shown in Figure 1, 
the sampling strategy was such that these sampling times are related to the tech-
nology upgrades in the mill. 
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2.2 Sample preparation and EOCI determination 
Freeze-dried homogenized fillets were extracted with hexane/acetone (3:1, v/v) 
in an accelerated solvent extractor (Dionex's ASE 200) at 55°C for 10 min (static 
time), and then further at 100°C for 5 min (static time). Alternatively, wet ground 
fillets were extracted with cyclohexane-isopropanol (1:1, v/v) using a Polytron 
homogenizer for 5 min. The Polytron extraction was repeated four times, the sus-
pension being settled in a centrifuge. The combined supernatant was washed twice 
with acidified water (pH 3.0, H2SO4) and then with water, dried over anhydrous 
Na25O4, filtered, and concentrated. The extract yield was determined gravimetri-
cally after the solvent was evaporated with N2. The EOCl in the extract was deter-
mined by neutron activation analysis (NAA). A 15 min irradiation was carried out 
with a thermal neutron flux of 1.0 ( 1012 n cm 2 s-1 in a SLOWPOKE operated at 20 
kW. A 15 min counting by a Ge detector followed a 1-5 min delay y-Peaks of 38C1 at 
1643 and 2167 keV were used for calculation with KC1 used for calibration. Blank 
and spike tests were performed for both extraction protocols. A paired compari-
son experiment showed no statistical difference in normalized fish EOCl between 
the two methods adopted. 
Sampling 	Technology Upgrades 
9/1997 
9/1995 
9/1994 
9/1991 
1998: AOX: 0.25 kg/t 
10/1994: Biological treatment (ASB) of effluent — retention time: 7.5 d; AOX: 0.3 kg/t 
4/1993: O2 delignification to Kappa No. 15; AOX: 0.5 kg/t 
12/1991: 100% 0102  substitution (ECF) — DEopDEpD; AOX: 0.8 kg/t 
1989: 35% 0102  substitution — CdEopDED; AOX: 1.5 kg/t 
1965: 10% 0102 substitution 
1927: 012  bleaching — bleached kraft pulp 
1918: mill built— unbleached kraft pulp 
Fig. I. Fish sampling time and upgrading events in the mills. 
2.3 Fractionation by gel permeation chromatography 
Glass columns (2.5x100 cm) packed with Bio-Beads SX3 beads were used for sep-
arating the extract into high (>-350 Daltons) and low (<--350 Daltons) molecular 
weight fractions. The cut-off was determined by examining the elution profile of 
triolein and biphenyl. 
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3 Results and discussion 
Measured fillet EOCI from the fish sampled downstream from the bleached kraft 
mill is shown in Figure 2. The figure also includes EOCI from the reference fish 
samples, the upstream fish and the reference river fish. The EOCI in the 1991 fish 
should reflect the local aquatic environmental conditions before the mill under-
went the bleaching process change from a low chlorine dioxide substitution (35%) 
to elemental chlorine-free (ECF) (100% substitution). A change in the EOCI levels 
in the 1994 fish should demonstrate the effects of implementing ECF bleaching 
and adding oxygen delignification. And any further change in the 1995 fish should 
reflect the effects of installing biological treatment in addition to the longer term 
effects following the change in bleaching and oxygen delignification. Since there 
were no further technology upgrades taking place in the mill that would have 
caused a change in the aquatic environment, any change in the 1997 fish should be 
largely caused by the longer term effects after the prior technology upgrades due 
to the fact that it may take time for a new concentration of a pollutant to be estab-
lished in the fish. 
As we see from Figure 2, the 1991 fish, which were sampled prior to the major 
technology upgrades (the process change to ECF and the implementation of oxy-
gen delignification), had a higher EOCl in the fillet in terms of tg Cl /g extract. 
Two years and nine months after implementing ECF bleaching, and one and a half 
years after adding oxygen delignification, as shown in the 1994 fish, the EOCl 
levels in the fish fillet decreased significantly. There is no significant difference in 
EOCl levels between the 1994 and 1995 fish samples. Therefore, it appears that 
implementing ECF bleaching and oxygen delignification resulted in reduction of 
EOCl in the downstream fish while biological treatment had little effect, at least in 
the short term. This is expected from the chemistry of oxygen delignification and 
chlorine dioxide bleaching. Unlike chlorine, chlorine dioxide mainly functions as 
an oxidant in bleaching processes; the formation of chlorinated products due to 
reactive byproducts hypochlorous acid and chlorine occurs to much lesser extent 
than in conventional bleaching (elemental chlorine). Moreover, some of double 
bonds in unsaturated fatty acids may be oxidized during prior oxygen delignifica-
tion, thus further reducing the likelihood of the chlorination of fatty acids in the 
subsequent chlorine dioxide bleaching. Lipid-bound chlorinated fatty acids have 
been demonstrated to be major components of fish EOCI (Mu et al., 1995). 
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Fig. 2. EOCI in fillets from the fish sampled downstream from the bleached kraft mill (sample 
size = 5 fish per sample group). 
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The 1997 fish samples shows a substantial decrease in EOC1 compared with 
the 1994 or 1995 fish samples, and a statistical analysis shows no significant differ-
ence in EOCI levels between the exposed 1997 fish and the fish sampled in the 
reference river. A further decline of EOC1 in the exposed fish as time goes on would 
be expected. This prediction is based on an observed significant decline in EOC1 
levels between the 1994/1995 fish and the 1997 fish, and the fact that these fish, at 
ages ranging from seven to thirteen years, had an exposure history prior to the 
process change. Besides, we should not take it for granted that EOC1 background 
levels downstream and upstream are the same when there is some kind of discon-
tinuity between the two areas due to the presence of a dam. Unlike the upstream 
area, where there is much less human activity, the downstream area is also subject-
ed to organochlorine pollution from sources other than bleached kraft mills, espe-
cially municipal sewage treatment plants. Moreover, the food chain may have con-
tributed to the downstream background level to a greater extent than to the up-
stream background level due to the historical chlorine bleaching. Taking these 
factors into consideration, we choose an average of EOCI levels in the upstream 
fish and the reference river fish as a reference level. As we see in Fig. 2, the EOC1 
level in the 1997 fish is about the same as the reference level. Clearly, the technol-
ogy upgrades in this mill have essentially eliminated the source of fish EOC1 that 
had been previously associated with untreated chlorine bleaching effluents. 
Interestingly, the decrease in fish fillet EOCI downstream from the bleached 
kraft mill to nearly background levels did not occur until several years after major 
technology upgrades took place in the mill. In contrast, a study of chlorinated 
dioxins in the fish sampled in the same location shows that fish liver dioxin levels 
declined rapidly after the mill adopted the ECF bleaching (Fig. 3). One of possible 
explanations is that the biological properties of the various components of fish 
EOCI differ. Though both dioxins and chlorinated fatty acids are highly hydro-
phobic and thus highly bioaccumulative, dioxins are apparently recognized by 
fish as xenobiotic chemicals, but chlorinated fatty acids may not. The reason for 
the latter could be a similarity in the molecular shapes of the chlorinated fatty 
acids and unsaturated fatty acids, which might confuse lipid synthetases in the 
fish body. It could be also simply because fish lipid synthetases are not able to 
differentiate fatty acids from chlorinated fatty acids with the same number of car-
bons. This peculiarity may result in chlorinated fatty acids being treated as normal 
nutrients in the fish body and thus be "biologically stable" in the food chain. The 
laboratory exposure study by Ewald et al. (1992) shows that fish can assimilate 
chlorinated fatty acids and incorporate them into lipids with little discrimination 
from natural fatty acids. On the other hand, the degradation of chlorinated fatty 
acids may be retarded in the fish body. Fish have mechanisms to excrete xenobiot-
ic pollutants, but these mechanisms do not seem to work for chlorinated fatty 
acids. Owing to these factors, it is conceivable that chlorinated fatty acids have 
much greater persistence in the fish body than other pollutants. Other factors that 
should be considered are sediments that might continue to release previously ad-
sorbed bioaccumulative organochlorine compounds, and different biological func-
tions of fillet and liver in the fish biological system and thus different turnover 
rates of substances in the two tissues. 
When separated by GPC, over 94% (by weight) of each fish extract was in the 
high molecular weight fraction (>-.350 Daltons). It is assumed that this portion of 
the fish extract is mainly composed of lipids. NAA measurement of the separated 
fractions indicates that the majority of EOCI in the fish extracts was bound to high 
molecular weight components; less than 22% of EOC1 was of low molecular weight 
origin. 
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Fig. 3The PCDDIPCDF concentration in the liver of white sucker collected from the Mattagami 
River during the fall (Servos et al., 1998). 
4 Conclusions 
The results of this study demonstrate that fish EOC1 sources at bleached kraft mills 
may be eliminated by technological improvements including 100% C102 bleach-
ing, oxygen dilignification and biological treatment. After the technology upgrades, 
recovery of an ecological system from elevated fish EOCl to the background level 
will require several years, depending on the fish species, river conditions and en-
vironmental management of the mills in the region. 
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Abstract 
Discharge of AOX from a bleaching pulp mill decreased by more than 90% be-
tween 1986 and 1995, after abandoning elemental chlorine in pulp bleaching and 
installing a biological purification plant for the waste waters. The sediment con-
centration of organic halogen in the youngest layers, formed since 1995, was 7,000 
mg of ClEOx  (kg C)-1, which is 30% of that in the most polluted layers formed in the 
mid 1980's (23,500 mg of ClEOx  (kg C)-1). The ratio of BOD7:CODcr and that of 
AOX:CODcr decreased from 1986 to 1995. Our results suggest that organic matter 
and organic halogen discharged after the environmental investments was less chlo-
rinated, but more recalcitrant to biodegradation than that discharged before the 
investments. 
I Introduction 
The first pulp mill in Finland started production in 1876 (Kuisma, 1993), and by 
1998 there were 19 pulp mills in Finland (Karessuo, 1999). Figure la displays the 
production of chemical pulp in Finland between 1918 and 1998. In 1998, out of the 
total 11.3 million tons of pulp, 6.7 million tons was chemical pulp. 
More than 5.5 million tons of chlorine was used for pulp bleaching in Finland 
since the early 1900. The chlorine consumption for pulp bleaching was highest in 
the mid 1980's, 200,000 tons a-' of chlorine gas (Cl2) and 100,000 to 150,000 tons a -' 
of NaC1O3 (containing 30,000-50,000 tons of chlorine) (Figure lb). The use of chlo-
rine gas for pulp bleaching in Finland was abandoned in 1993. 
When chlorine gas was used for pulp bleaching, 6 to 10% of the chlorine was 
converted the into organic form (Hise, 1996). Most (> 80%) of this organic halogen 
can be measured as adsorbable organic halogen (AOX) (Jokela, 1993). In modern 
pulp mills, using chlorine dioxide and non-chlorine chemicals for bleaching, and 
equipped with secondary treatment plants for waste waters, 2% to 4% of organic 
chlorine used for bleaching is discharged to the aquatic ecosystem as AOX, as 
calculated by us from the data of Salkinoja-Salonen et al. (1998) and Kähkönen et 
al. (1998). 
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Discharges of AOX from Finnish pulp mills were highest in 1988, approxi-
mately 18,000 tons ClAOx a-' (Figure 1c) (Salkinoja-Salonen et al., 1998). In 1998, 
AOX discharges from Finnish pulp mills were less than 10% of this, 1,144 tons 
C1AOX a' (Karessuo, 1999). 
The aim of this study was to determine the changes in the chemical quality 
and biodegradability of the organic matter and organic halogen discharged from a 
bleached pulp mill after the decrease of discharges. 
2 Material and methods 
The study area, Vatavalkama is a basin of the oligotrophic Lake Saimaa in SE-
Finland. The site is situated 3 km from a large bleaching pulp mill. The pulp mill 
has discharged into this area since 1935, and bleaching with elemental chlorine 
began in 1954 (Kähkönen et al., 1998). Semichemical pulp was produced between 
1960 and 1977. 
Sediments were sampled by freeze finger or by Limnos corer, and dated by 
210Pb- and 137Cs-methods. Extractable organic halogen (EOX) in the sediment was 
determined as acidified tetrahydrofuran (THF) soluble organic halogen (Suomin-
en et al., 1997). Sediment concentration of carbon was determined from freeze-
dried samples by CHNS-analyzer. BODI and CODs, of the waste water were meas-
ured by the standard methods (APHA, 1992). 
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Figure 1. Inputs and outputs from pulp industry in Finland. a: Pulp production in Finland from 
1918 to 1998. b: The consumption of pulp bleaching chemicals in Finland. The consumption 
from 1930 to 1953 was estimated from the data on total CIZ usage assuming that 90% of Cl2 
was used for pulp bleaching. c:The AOX discharges from Finnish pulp and paper mills. The dis-
charges from 1930 to 1988 were estimated assuming that 8% of the chlorine used for bleach-
ing was incorporated as organic halogen. From 1989 onward results are based on measure-
ments. 
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3 Results and discussion 
Peak value of sediment concentration of extractable organic halogen (EOX) was 
recorded at the depth of 4 to 6 cm, layers formed in the mid 1980's, 23,500 mg of 
C1EOX (kg C)-1 (Figure 2). This was 60 to 190 times higher than in sediment layers 
more than 100 years old (below 20 cm) of the Lake Saimaa. 
Acidified tetrahydrofuran (THF) dissolved 25% to 50% (mean 30%) of the 
bound organic halogen (BOX) in non-recipient forest lake sediments, assessed by 
the AOX after alkaline hydrolysis (Suominen, 1999). If this applies to pulp mill 
recipient sediments, the most polluted sediment (4 to 6 cm depth) would contain 
78,000 mg of BOX-Cl (kg C)-1 in Vatavalkama. This is close to the concentrations 
(15,000 to 64,000 mg of Cl (kg C)-') of total organic halogen in pulp mill recipient 
sediments, calculated by us from the results of other authors (Maatela et al., 1990; 
Kankaanpää et al., 1997; Saski et al., 1997) for other fresh water lakes. 
The pulp mill discharging into the Vatavalkama has made large environmen-
tal investments since the late 1980's to reduce its environmental burden (Kähkönen 
et al., 1998). The discharge of biological oxygen demand (BODI) decreased by 92%, 
from 25,200 tons of 02 a-' in 1986 to 2,100 tons of 02  a-' by 1995 (Figure 3a). The 
discharge of chemical oxygen demand (CODcr) decreased by 58%, from 55,000 tons 
of 02  a in 1986 to 23,000 tons of Ot a 1 by 1995 (Figure 3a). The ratio of BOD7:CODc, 
(part of biodegradable oxygen demand in the total oxygen demand) in the waste 
waters discharged to Vatavalkama decreased from 0.46 in 1986 to 0.09 by 1995 
(Figure 3b). These results show that the discharged organic matter in 1995 was 
more recalcitrant than that discharged in 1986. 
The discharge of AOX decreased by more than 90%, from approximately 2,100 
tons of C1AOX  a-' in 1986 to 150 tons of C1AOX a-' by 1997 (Figure 3a). The sediment 
accumulation rate of organic halogen in Vatavalkama, decreased only by 70% (from 
1,350 mg C1EOX m2 a-1 in 1980's to 390 mg of C1EOX  m 2 a-' in 1995, Kähkönen et al., 
1998).The concentration of EOX in the youngest (0 to 1) cm layers of Vatavalkama 
sediment was 7,000 mg of C1EOX (kg C)-1 (Figure 2). This was 30% of that in the 
most polluted 4 to 6 cm layers, deposited in the mid 1980's. 
The decrease in the discharge of AOX (>90%) from 1986 to 1995 was similar 
to that of BODI (92%). The decrease in the sediment concentration and sediment 
accumulation of EOX (approximately 70%) in the sediment layers dating from the 
mid 1980's as compared to those dated from the mid 1990's were more similar to 
the decrease in the discharge of CODcr (58%) than that to BODI (92%) (Figure 3b). 
Why did the sediment accumulation of organic halogen decrease less (70%) 
than the discharge of AOX from the mill (>90%)? Our explanation is that biologi-
cal purification took away the most biodegradable fraction of the AOX in the ef-
fluent. Thus the organic halogen discharged in the 1990's was more recalcitrant 
than that discharged in the 1980's. Jokela et al. (1993) showed that the biological 
purification removed 50% of AOX from the crude pulp mill waste water from the 
mill. Biological purification normally removes approximately 50% from COD 
and 90% of BODI of many types of waste waters. Jokela et al. (1993) also showed 
that the ratio of EOX to AOX in the waste water decreased during anaerobic-aero-
bic treatment as compared to the untreated effluent. They concluded that the THF 
insoluble, but activated carbon adsorbable fraction (AOX) of the pulp mill organic 
halogen was the most recalcitrant to degradation. 
Sediment accumulation of AOX in the Gulf of Bothnia in Pietarsaari area de-
creased from 2,700 mg of C1AOX  m 2 a-' in 1985 to about 2,000 mg of C1AOX  m 2 a-' in 
1991, after cessation of chlorine gas bleaching and introducing a biological waste 
water treatment plant in the discharging mill (Palm and Lammi 1995). The ratio of 
EOX to AOX was higher (0.44 in 1982) in the recipient sediment layers formed 
before the introduction of the purification plant as compared to the layers dating 
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to the time after the treatment plant (0.08 in 1991). Thus also the results of Palm 
and Lammi (1995) support the view that organic halogen discharged in the 1990's 
was more recalcitrant than that discharged in the preceding decade. We state that 
the organic halogen discharged by a modern pulp mill equipped with a biological 
purification plant is less biodegradable and accumulates more easily in sediment 
than that discharged in 1980's. The sediment deposited in the mid 1990's (0 to 1 cm 
depth) was also less toxic towards Vibriofischeri and less genotoxic as assessed by 
E. coli PQ37 SOS-chromotest than the sediment layers dating from the mid 1980's 
(4 to 6 cm depth) (Suominen et al., 1999). 
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Figure 2. Sediment concentrations of EOX in a pulp mill burdened basin of the oligotrophic 
Lake Saimaa, SE-Finland Votavalkama. EOX was assessed as the organohalogen soluble in acid-
ified tetrahydrofuran.The years in the figure refer to the ages of the sediment layers. 
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Figure 3. BurdeningVatavalkama area of Lake Saimaa by organic discharges from Kaukopää 
pulp and paper mill. a: Discharge of BODI  CODCr  andAOX from the Kaukopää pulp mill from 
1972 to I 997.The discharges ofAOX from 1972 to 1989 were estimated based on chlorine 
usage data, assuming that 8% of the chlorine used for bleaching was incorporated into organic 
form. From 1990 onward results are based on measurements. b: Ratio of BOD7 to CODE and 
ofAOX to CODE in the discharges from the Kaukopää pulp mill into the Lake Saimaa. 
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Abstract 
Effects of waste waters of a large pulp mill were studied in eastern Finland. Water 
quality and biota in the recipient area were monitored from 1982 to present. The 
aquatic load increased towards the end of 1980's and decreased thereafter due to a 
renewed waste water treatment plant and improved production processes. The 
water quality in the recipient watershed reflected the changes in the loading. To-
wards the late 1980's, nutrient concentrations and the primary production of phy-
toplankton increased and deep water oxygen levels decreased, all indicating eu-
trophication. Reversal trends in these parameters have been observed thereafter. 
Changes in the populations at higher trophic levels were less evident and difficult 
to distinguish from natural seasonal and annual variation. However, the recrea-
tional value of the recipient area has been improved e.g. due to less intense gill net 
sliming and decreased observations on off-flavour fish. 
Keywords: eutrophication, pulp mill, water quality, zooplankton, benthic inverte-
brates, fish 
I Introduction 
River Pielisjoki in eastern Finland is a 70 km long river running from Lake Pielin-
en to Lake Pyhäselkä, a basin of the Lake Saimaa system (Figure 1.). The Enocell 
pulp mill at the lake Pielinen outlet has discharged waste waters to the river since 
1967. Pulp production as well as the amount of waste waters and the associated 
pollutants, especially nutrients, constantly increased towards the end of 1980's 
(Figure 1.). Since that, a renewed waste water treatment plant and improved pro-
duction processes have markedly decreased the nutrient loading and also dimin-
ished emissions of any potentially hazardous organic pollutants. Presently, the 
Enocell is among the largest pulp producers in the world (600 000 t a'). However, 
due to effective mechanical and biological effluent treatment, the aquatic load is 
low (e.g. phosphorus load is 3 g t-1 pulp). Water quality and biota in the pulp mill 
recipient area have been monitored from 1982 to present. Details of the study area 
and methods used are given in Huuskonen (1999). 
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Figure I. Study area and development of effluent load of Enocell pulp mill. 
2 Methodology 
Annual monitoring of water quality parameters has been based on samples taken 
five times per year from several sites along the river and in the Lake Pyhäselkä. 
Since 1989 littoral and pelagic zooplankton communities have been monitored 
several times per year at five sites in Lake Pyhäselkä. Biomass and the taxonomic 
composition of benthic invertebrates both in the river and in the lake were studied 
occasionally only, until since 1994 annual samples have been taken in each au-
tumn. Fish populations have been studied by test fishing with gill nets every third 
year, annual catch statistics of local fishermen and collecting population samples 
for back-calculation of growth rates. Additionally, the effects of waste waters on 
net sliming and on coregonid egg survival have been examined annually, and sen-
sory evaluation of fillet quality of four fish species (carried out by the Technical 
Research Centre of Finland) and fishing questionnaire have been carried out at 
variable interval. 
3 Results and discussion 
Water quality in the recipient watercourse reflected the recent decrease in loading 
by the pulp mill. Towards the late 1980's, both nutrient concentrations and prima-
ry production of phytoplankton increased (Figure 2.), while deep water oxygen 
levels decreased, all indicating eutrophication. Thereafter clear reversed trends 
have been observed in these parameters in most study sites in both River Pielis-
joki and in Lake Pyhäselkä. At the end of 1990's phosphorus content of water was 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 	The Finnish Environment 417 
from one-third to half of that during the maximum load in 1985-89 in River Pielis-
joki, and only one-third or less in Lake Pyhäselkä. The lower course of River Pielis-
joki and the adjacent areas in Lake Pyhäselkä were previously classified as eu-
trophic but are now considered to be mesotrophic. 
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Figure 2. The phosphorus content (left) and primary productivity of phytoplankton (right) in the 
study area. 
A rapid recovery of River Pielisjoki was observed shortly after decreasing of the 
loads. Similar recovery was observed only later in Lake Pyhäselkä, which is also 
loaded by other point sources (Huuskonen 1999). Granberg (1992) found similar 
changes in nutrient concentrations, oxygen levels and primary production in Lake 
Päijänne following decrease of effluent load from pulp and paper industry. How-
ever, the inhibition in primary production close to the mill was stronger in his 
studies. 
Changes in the consumer populations were not as evident as observed in 
nutrient levels and, especially, primary production. The total biomass of zooplank-
ton in Lake Pyhäselkä has not changed (Figure 3.). However, the summer abun-
dance of herbivores (Daphnia sp. and calanoids mainly Eudiaptomus sp.) slightly 
decreased and biomass of rotifers slightly increased (Figure 3.). The cladoceran 
Daphnia cristata and small cyclopoids were the most abundant taxa in the pelagial 
areas (Rahkola et al. 1998, Huuskonen 1999). 
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Figure 3. The total biomass of zooplankton in the pelagial zone of Lake Pyhäselkä in 1989-98. 
The square metre values were calculated from 0—I0 m depth zone. 
The decreased nutrient loading due to modernization of the pulp mill seemed to 
have effects on benthic invertebrate communities. The response was most appar-
ent at the Rahkeenvesi sampling station immediately downstream from the pulp 
mill (Figure 4.). The elevated benthic biomass in late 1980's indicated eutrophica-
tion, but since that the lowering trend in biomass with concurrent increase of the 
benthic quality index based on oligochaetes (OBQI; Wiederholm 1980) suggest 
improved conditions (Figure 4.). 
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Figure 4. Biomass of benthic invertebrates (left) and benthic quality index (right) based on oli-
gochaetes (OBQI) at three sampling stations in River Pielisjoki. 
The total fish biomass of Lake Pyhäselkä peaked in 1992 (Figure 5.); few years 
after the heaviest effluent load. Perch (Percafluviatilis) was the dominant fish spe-
cies in Lake Pyhäselkä during the whole study period, and the changes in total 
fish biomass were largely due to variation in the abundance of perch. 
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Figure 5. CPUE of di f ferent fish taxa calculated from test fishings in Lake Pyhäselkä. 
According to catch statistics of local fishermen most remarkable changes in fish 
stocks of Lake Pyhäselkä have been variations in coregonid and pikeperch (Stizos-
tedion lucioperca) populations. Catch per unit effort (CPUE) of vendace (Coregonus 
albula) was high at the beginning of the study period, but it started to decrease in 
the mid-1980's. After a decade's low stock period, vendace catches started to in-
crease again in mid-1990's. The changes in CPUE of whitefish (Coregonus lavare-
tus) were roughly the opposite to those of vendace. Although the decline in CPUE 
of vendace coincided with the increasing load by the pulp mill, the changes in the 
abundance of vendace can be considered natural variation. The development of 
vendace catches in the whole Vuoksi watercourse was similar to those observed in 
Lake Pyhäselkä. Incubation experiments with coregonid eggs showed that nor-
mal embryonic development was possible in the whole study area. Pikeperch, in 
turn, lives near the northern edge of its distribution range in Lake Pyhäselkä, and 
temperature-induced variation in the year-class strength explains most of the chang-
es in CPUE of pikeperch. For example, in the warm summer of 1988, a very strong 
year-class of pikeperch hatched in Lake Pyhäselkä, and it produced high catches 
in the 1990's (Karjalainen et al. 1996). 
The adverse effects of pollution and eutrophication on fishing increased to-
wards the end of 1980's as well. In fishing questionnaires, fishermen reported most 
intensive gill net sliming in 1986 (Figure 6.). Since then, sliming has clearly de-
creased. Equally, the proportion of fishermen with observations on off-flavour taint-
ed fish increased until 1992 and decreased thereafter (Figure 6.). Results from both 
gill net sliming experiments and sensory evaluation of four fish species are con-
sistent with the observations of fishermen. 
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Figure 6. Observations on gill net sliming (left) and off- flavour fish (right) in fishing question-
naires (n = number of answers given). 
4 Conclusions 
After the period of high effluent loading by Enocell pulp mill, a renewed waste 
water treatment plant and improved production processes have markedly de-
creased the load during the 1990's. Clear eutrophication of River Pielisjoki and 
Lake Pyhäselkä was observed before modernization of the pulp mill, while the 
most recent results of water quality and primary production indicate a shift of the 
study area to a more oligotrophic state. Changes in the populations at higher trophic 
levels were less evident and difficult to distinguish from natural seasonal and an-
nual variation. However, the recreational value of the recipient area has been im-
proved e.g. due to less intense gill net sliming and decreased observations on off-
flavour fish. 
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The influence of a drainage program 
implementation on dioxin and furan 
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Abstract 
Aracruz Celulose kraft pulp mill is situated in southeast Brazil. It is one of the 
world's leading suppliers of bleached market eucalyptus pulp with a nominal an-
nual production capacity of 1.2 million tons (air dried). The effluents from the mill 
are subjected to a primary and to a secondary treatment. This final effluent is 
pumped into the sea by an underwater outlet, placed 1.7 kilometers off the coast. 
From 1996 to 1997 a field experiment was conducted in its outflow area and it 
demonstrated that the organochlorinated compounds bioaccumulation was low, 
but it increased during maintenance shut-downs. As a result, the pulp mill has 
implemented an industrial drainage program during the shut down periods. 
Therefore, the aim of this work is to evaluate the dioxin and furan bioaccu-
mulation in the outflow area before and after the drainage program's implemen-
tation. 
Mussels were placed into nylon mesh bags and transplanted to the study 
area. After the maintenance shut down period, the mussels were removed and 
cleaned with local water. TCDD/TCDF concentrations in mussel tissues were de-
termined by Method EPA 8290. 
The results of this study showed a reduction of dioxin and furan concentra-
tions that have accumulated in mussels collected in the outflow area after the be-
ginning of the industrial drainage program. 
Keywords: dioxin, pulp mill, bioaccumulation, maintenance shut-down, , effluent 
drainage 
I Introduction 
The Aracruz Celulose kraft pulp mill is situated in southeast Brazil, in the state of 
Espirito Santo. It is located in the municipality of Aracruz, some 65 kilometers 
from Vitoria, the state capital. It is one of the world's leading suppliers of bleached 
market eucalyptus pulp with a nominal annual production capacity of 1.2 million 
tons (air dried). The final products range from printing and writing paper to tis-
sues and specialty products. 
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The mill has two pulping units and four different bleaching sequences. The 
sequence for STD (Standard) bleaching is C/D (Eo) Dl (E2) D2, for ECF (Elementary 
Chlorine Free) is D (Eon,) Dl (E2) D2, for TCF (Totally Chlorine Free) is 0 Ch (Eon,) Ch 
P and for ACF (Aracruz Chlorine Free) is D E0 A Ch POP. The effluents from the 
mill are subjected to a primary and to a secondary treatment where they are oxy-
genated during six days in six biological lagoons. 
The resulting effluent has an average discharge volume of 148,000 m3 a day 
(64 m3 air dried tons') and a load of 37.1 mg 1-1 (2.4 kg adt-l) of Biological Organic 
Demand (BOD) and 4.3 mg 1-1 (0.27 kg adtl) of Adsorbable Organic Halogens (AOX). 
This final effluent is pumped into the sea by an underwater outlet, placed 1.7 kil-
ometers off the coast, where it is released at a depth of 18 meters. 
A vast array of substances are discharged in bleached kraft pulp mill efflu-
ents (Muir and Servos, 1996), and some special attention should be given to orga-
nochlorinated compounds (Oanh et al., 1997). Some of the characteristics of these 
pollutants includes: their persistence in nature (Leach et al., 1985), their incorpora-
tion into the food chain (Suedel et al., 1994) and their toxicity to the wildlife and 
human community in certain concentrations (Travis and Frey, 1990). Aracruz Ce-
lulose pulp mill is concerned about this and has been developing many monitor-
ing studies of its effluent quality. 
Bioaccumulative monitors are used to measure contaminant concentrations 
in aquatic ecosystems through the accumulation of contaminants in their tissues. 
They essentially provide information on the average variation in time and space 
of the concentrations of contaminants, which are available to a selected biomoni-
tor (Herve et al., 1996; Stewart and Malley, 1997). 
From 1996 to 1997 a field experiment was conducted in Aracruz Celulose 
outflow area and it demonstrated that the organochlorinated compounds bioac-
cumulation was low, but it increased slightly with an increase in Standard produc-
tion and sharply during maintenance shut-downs (Furley and Carvalho, 1999). As 
a result, the pulp mill has implemented an industrial drainage program during 
the shut-down periods. 
Therefore, the aim of this work is to evaluate the dioxin and furan bioaccu-
mulation in the outflow area before and after the drainage program's implemen-
tation. 
2 Methodology 
2.1 The bioindicator 
Bivalve mollusks are among the organisms most used as bioindicators. The Brazil-
ian coast has a variety of mussels, and the commercial species Perna perna was 
chosen for this long-term heavy metal and organochlorinated contamination study. 
All basic requirements to the preliminary selection of an indicator organism, sug-
gested by Stewart and Malley (1997), were met for this species. Also, P. perna has 
already been used in many national (Rezende and Lacerda, 1986; Furley, 1993) 
and international (Watling and Watling, 1979; Farrington and Tripp, 1994) moni-
toring studies, and it is the most preferred edible mussel in Brazil. 
C = Chlorine; D, D,, D2 = Chlorine dioxide; E2 = caustic extraction; E = caustic extraction with addition of oxygen; E,P = caustic 
extraction with addition of oxygen and peroxide; 0 = oxygen delignifcation; Ch = chelauon; P = peroxide;A = chloridic acid. 
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2.2 Sampling 
Sampling was performed at each maintenance shut-down from 1996 to 1998. 
The outflow area did not have any natural mussel populations and received 
transplanted mussels from the control station from where juveniles mussels of 
similar shell length (2 to 3 cm) were collected. A total of approximately 600 mus-
sels were placed into nylon mesh bags (0.5 cm mesh size; 40 cm in length; 10 cm in 
width) and transplanted to the study area to a depth of one meter. They were 
spliced onto lines which were moored to the seabed with weights and supported 
with polystyrene buoys. After 30 days the mussels were removed and cleaned 
with the local water. 
2.3 Chemical analyses 
Mussels' soft parts were removed with the aid of a steel knife and were shipped in 
dry ice to the Triangle Laboratory (Atlanta —USA). Tissue lipid contents and TCDD/ 
TCDF concentrations in mussel tissues were determined by Method EPA 8290. 
Organochlorinated compounds detection limits varied for individual isomers and 
for each sample. All results are on a wet weight basis. Lipid-normalized concen-
trations (LN) were determined by the formula: LN = C/L, where C is the concen-
tration of the analyte in the tissue and L is the weight of the lipids in the sample. 
2.4 Physical and chemical parameters of the effluent 
Effluent samples were collected weekly and transported to the Aracruz Celulose 
S.A. laboratory. BOD (Biochemical Oxygen Demand) was determined according 
to standard methods (APHA, 1995) and organochlorides (AOX method) were de-
termined using ISO (International Standards Organization) procedures. 
3 Results and discussion 
Starting from 1998, an effluent drainage program has been implemented during 
each maintenance shut-down. The aim of this drainage program is to control the 
effluent flow and pH before it reaches the Effluent Treatment System. 
Dioxin isomers depend on formation between chlorine and organic matter. 
The results of effluent physical and chemical analysis (Table 1) showed that in 
1998, the organic matter (BOD) and organochlorides (AOX) effluent concentra-
tions decreased. 
The results of TCDD/F analyses are summarized in Table 2 and Table 3. As 
well as for the effluent, the TCDD and TCDF bioaccumulation decreased in 1998. 
The most toxic dioxin isomer — 2,3,7,8 TCDD (Folke and Brodersen, 1996) 
was not found during the seven sampling dates. 
Total TCDD, furan isomer — 2,3,7,8 TCDF and total TCDF were found in al-
most all sampling dates, during 1996 and 1997, in different operational status and 
production. Nevertheless, after the beginning of the drainage program (1998), 
TCDD and TCDF were not detected anymore. In 1998, most part of the TCF pro-
duction was substituted by ACF production. Although the ACF production uses 
chlorine dioxide, the organochoride bioaccumulation did not increase. 
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Table I. Average values for BOD, AOX of the treated effluent and production sum obtained during mussel exposure to 
the effluent. 
Sampling Operational STD ECF TCF ACF BOD AOX 
Date Status Prod. Prod. Prod. Prod. 
adt adt adt adt kg/adt kg/adt 
April/96 Shut-down 34,982 32,280 6,713 0 2.43 0.26 
July/96 Normal 37,703 37,832 1,808 0 1.75 0.23 
October/96 Shut-down 39,028 36,403 6,587 0 2.38 0.29 
January/97 Normal 46,428 28,414 7,985 0 2.8 0.37 
April/97 Shut-down 13,734 42,840 7,957 0 3.6 0.25 
May/98 Shut-down 22,436 39,014 1,744 15,177 1.57 0.18 
August/98 Shut-down 29,600 25,048 0 2,820 1.38 0.067 
Table 2. Concentrations of TCDD/F (pg g' WW ) in P. perna collected in the outflow area. 
Sampling 2378 Total 2378 Total Lipids 
Date TCDD TCDD TCDF TCDF (%) 
April/96 <0.5 1.2 <0.3 <0.3 0.9 
July/96 <0.07 0.13 0.36 0.39 0.7 
October/96 <0.3 1.5 3.4 5.2 0.1 
January/97 <0.3 0.42 0.44 0.72 0.1 
April/97 <0.2 4.8 1.8 3.5 0.7 
May/98 <2.1 <2.1 < 1.5 < 1.5 1.5 
August/98 <0.5 <0.1 <0.5 <0.1 0.8 
Table 3. Lipid-normalized concentrations of TCDD/F (pg g1 WW ) in P. perna collected in the outflow area. 
Sampling 2378 Total 2378 Total 
Date TCDD TCDD TCDF TCDF 
April/96 <0.55 1.33 <0.33 <0.33 
July/96 <0.1 0.19 0.4 0.43 
October/96 <3.0 15 34 52 
January/97 <3.0 4.2 4.4 7.2 
April/91 <0.29 6.86 2.57 5.0 
May/98 <1.4 <1.4 <1.0 <1.0 
August/98 <0.63 <0.13 <0.63 <0.13 
4 Conclusions 
The industrial drainage program played an important role on decreasing the or-
ganochloride effluent concentration and TCDD/F bioaccumulation in mussels 
collected in the outflow area. 
The substitution of TCF production for ACF production, which uses chlorine 
dioxide, did not contribute to the increase of TCDD/F bioaccumulation. 
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Application of ethylenediamine 
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agents in pulp bleaching 
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Abstract 
Biodegradable chelating agents Ethylenediamine disuccinic acid (EDDS) and im-
inodisuccinic acid (ISA) were investigated as chelating agents in a totally chlorine 
free bleaching sequence of softwood kraft pulp and in the peroxide bleaching of 
mechanical pulp. EDDS was shown to be a realistic alternative as a chelating agent 
for bleaching of TCF pulp. The nitrogen load caused by the chelating agent could 
be remarkably lowered by using mixtures of EDDS and sodium gluconate. ISA is 
a competitive biodegradable alternative for EDTA or DTPA especially in bleach-
ing of high yield pulp. 
Keywords: biodegradability, carboxylic acids, chelating agents, chlorine free bleach-
ing, kraft pulps, oxidative bleaching, peroxide bleaching 
I Introduction 
For environmental reasons bleaching methods based on oxygen chemicals, e.g. 
hydrogen peroxide, oxygen, ozone, and peroxy acids have become popular. Be-
cause transition metal ions, especially Fe3+ and Mn2', catalyze the decomposition 
of hydrogen peroxide and peracids, the removal of transition metal ions from the 
pulp by chelation is an essential step in bleaching with oxygen-based chemicals. 
Commonly used complexing agents in such chelation steps are ethylenediamine 
tetraacetic acid (EDTA) or diethyleneaminepentaacetic acid (DTPA). 
These aminopolycarboxylic acids are excellent chelating agents. However, 
this characteristic may have adverse consequence in the environment because EDTA 
and DTPA are also capable to remobilize toxic heavy metal ions such as Cd, Zn, 
Cu, and Pb ions from soils (Homburg et al. 1980). EDTA and DTPA are virtually 
non- biodegradable in the usual waste water treatment plant conditions (Means et 
al. 1993) and thus they a are difficult to remove from the bleach plant effluents. 
These facts have raised the question about the suitability of EDTA or DTPA in 
industrial applications where discharge to the environment will occur. 
Therefore, an interest towards the use of more environmentally friendly chelat-
ing agents in pulp bleaching applications is provoken. The alternative chelating 
agents should fulfill three main criteria: 
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1. The ability to remove iron and manganese from the fibers should be equal 
or better than that of EDTA or DTPA. Simultaneously, they should leave 
calcium ions and especially the essential magnesium ions non-chelated. 
2. Chelating agents are a remarkable source of nitrogen in the effluents of a 
pulp mill. Therefore, the nitrogen content of the chelating agents should be 
as low as possible. 
3. Chelating agents should degrade in the nature at least partially in order to 
loose their ability to mobilize heavy metals from the sediments. 
Within the last few years we have tested several known biodegradable ligands in 
the pulp and paper applications. Furthermore, we have designed a series of new 
complexing agents cabable of stabilizing peroxy compounds in pulping condi-
tions (Aksela et al.). 
In the detergent applications and in the photographing industry, aspartic acid 
derivatives such as ethylenediamine disuccinic acid (EDDS) or iminodisuccinic 
acid (ISA) have already been introduced as more biodegradable alternatives for 
EDTA and DTPA (Hartman, FUJI). According to the stability constants of iron and 
manganese complexes of EDDS and ISA, they should be cabable chelating agents 
in the pulp bleaching applications (Martell et al. 1997). EDDS and ISA have asym-
metric centres in the molecules and thus, several stereoisomers of these compounds 
exist (figure 1). All the stereoisomers of ISA are readily biodegradable, whereas 
only SS-EDDS is readily biodegradable (Schovanek et al. 1997). However, even the 
mixture of isomers of EDDS has been shown to degrade to compounds unable to 
bind heavy metals (Schovanek et al. 1997, Tuhkanen et al.). 
COOH 
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(\COON 
CioI-I l6N2Qs, N9.6% 
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HOOC 	 COOH 
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~SN/~COOH 
COO H 	\ COOH 
C14H23N3010, N 10.7% 
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~COOH 
NH 
HOOC( 	COON 
COOH 
CgH11 NOS, N5.6% 
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Figure 1. Chemical structures of EDTA, DTPA, EDDS and ISA. 
In this paper we report an example of our results of the chelating and bleaching 
studies of TCF chemical pulp and mechanical pulp in the sequences where EDDS 
and ISA have been used as chelating agents (Renvall et al.). In order to minimize 
the nitrogen content of the chelating agents, we have also succecfully applied the 
combinations of EDDS and and gluconic acid or ISA and citric acid as chelating 
acids in pulp bleaching. 
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2 Methods 
An isomeric mixture of ethylenediamine disuccinic acid acid (EDDS) was prepared 
from ethylenediamine and maleic acid according to the procedure of Pavelcik et 
al. A 1:1 mixture of RS-ISA and SS-ISA was prepared via a Michael addition of L-
aspartic acid and maleic acid. Commercially available sodium citrate, sodium glu-
conate, solutions of EDTA and DTPA were used. 
An unbleached Finnish softwood pulp with a kappa number of 16,9, a vis-
cosity of 963 mL/g and brightness of 39,6% ISO was washed for 60 min at 70 °C at 
12% consistency with a solution containing different chelating agents and filtered 
thereafter. The metal content of the filtrates were determined by atomic absorp-
tion spectrometer. 
An oxygen delignified softwood pulp with a kappa number of 5,2, viscosity 
817 mL/g and brightness 74,7% ISO at 12% consistency was possessed to a chela-
tion step followed by a peroxide bleaching step. DTPA, EDDS, ISA, mixtures of 
EDDS and sodium gluconate and mixtures of ISA and sodium citrate were used as 
chelating agents in the chelating step carried out for 60 min at 75 °C at pH 6,5. 
After the chelation step, the pulp was bleached with 20 kg/tp of hydrogen perox-
ide for 180 min at 90 °C at pH 10,4. Residual hydrogen peroxide, kappa, viscosity 
and brightness of the pulp were determined after the treatment. 
3 Results and discussion 
3.1 Determination of the chelating ability 
The ability of EDDS and ISA to remove iron, manganese, magnesium and calcium 
ions at the typical chelation conditions from the chemical pulp were screened by 
the chelation experiment described above. For a successful bleaching, the trans-
formation of iron and manganese ions from the fibers to the washing liquor is 
essential, whereas the transformation of magnesium and calcium ions to the wash-
ing liquor is undesired. The results of this experiment are presented in table 1. 
Table I. Metal concentrations of the filtrates after washing pulp samples with the chelating agent solutions. 
Chelating Dosage pH Metal concentration in the filtrate (ppm) 
agent kg/tp Fe 	Mn 	Mg Ca 
None 6,0 0,3 	0,3 6 22 
DTPA 2 6,5 2,0 	2,8 	17 48 
EDTA 2 6,5 1,8 	3,3 	18 49 
EDDS 2 6,5 1,7 	3,3 5 30 
EDDS+ Na-gluconate I+I 6,7 1,8 	2,6 	9 29 
ISA 1,5 5,8 1,1 	1,9 	2 50 
ISA+ Na citrate I + I 7,7 0,5 	2,2 	I5 26 
When EDDS was used as a chelating agent, the uptake of iron and manganese was 
equivalent to the uptake of these metals by the reference compounds ETDA and 
DTPA. Slightly lower concentrations of Fe and Mn were analyzed in the effluent 
when half of the EDDS was substituted by sodium gluconate. Being a weaker 
complexing agent of iron and manganese compared to EDTA, DTPA or EDDS, ISA 
removed less iron and manganese from the pulp. 
The uptake of Ca was remarkably lower in the case of EDDS compared to 
EDTA and DTPA. Even a more dramatic difference was obtained in the uptake of 
magnesium from the pulp. EDDS and ISA solutions removed remarkably less mag-
nesium compared to EDTA and DTPA. For successful bleaching, it is essential to 
maintain the magnesium content as high as possible in the pulp. 
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3.2 Bleaching experiments 
The results from a sequence chelation experiment followed by a peroxide bleach-
ing by using a softwood pulp in the conditions decribed above, are presented in 
table 2. 
Table 2. Results from the bleaching of softwood chemical pulp 
chelating agent none 	DTPA EDDS EDDS+ 
Na-gluconate 
ISA ISA+ 
Na-citrate 
res. H101 	(%) I5 	72 68,5 73,5 63,5 69,5 
kappa 3,5 	3,7 3,7 3,7 3,6 3,7 
viscosity (mUg) 575 	736 791 782 725 751 
brightness (%ISO) 85, I 85,3 85,8 85,3 85,8 
Compared to DTPA and EDDS, slightly lower concentrations of residual hydro-
gen peroxide was observed in the case when ISA was used as a chelating agent. 
This correlates to the lower stability of the Fe-ISA and especially Mn-ISA complex-
es compared to the similar metal complexes of EDDS and DTPA. 
No remarkable differences were obtained between the samples in brightness 
or in kappa numbers. Pulp samples treated with EDDS, with 1:1 mixture of EDDS 
and sodium gluconate or with 1:1 mixture of ISA and sodium citrate, resulted in 
slightly better final viscosities than the reference sample treated with DTPA. 
Similar bleaching tests were carried out with a thermomechanical pulp (TMP) 
sample having the initial brightness of 60% ISO (table 3). 
Table 3. Results from bleaching of TMP. (Pretreatment: Chelant 1,5 kg/tp, 60 °C, Cs 10%, pH 6, Bleaching: 90 min, 
70 °C, Cs I5%, H202 20 kg/tp, NaOH I S kg/tp, waterglass 20 kg/tp). 
Residual H202, % 	 Brightness, % ISO 
No pretreatment 	 2 	 65 
DTPA 	 40 69,5 
EDDS 27 	 69,2 
ISA 	 40 69,3 
Bleaching results obtained with ISA were equal to the results obtained with DTPA 
as chelating agent. When EDDS was used as a chelating agent, a higher consump-
tion of hydrogen peroxide was obtained. According to this test, ISA seems to be a 
good biodegradable chelating agent for mechanical pulp bleaching. 
Conclusion 
EDDS was shown to be a realistic alternative as a chelating agent for TCF bleach-
ing of chemical pulp. The biodegradability of EDDS is remarkably better than that 
of EDTA or DTPA. The nitrogen content of EDDS is not lower than that of EDTA. 
However, the nitrogen load caused by the chelating agent could be remarkably 
lowered by using mixtures of EDDS and sodium gluconate. In addition to the 
laboratory results, successful full scale mill trials were carried out with chemicals 
pulp by using EDDS as a chelating agent. 
ISA is a competitive biodegradable alternative for EDTA or DTPA especially 
in bleaching of high yield pulp. A successful full scale mill trial was also carried 
out with TMP by using ISA as a chelating agent. 
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The Canadian Federal Government has incorporated an Environmental Effects 
Monitoring Program (EEM) into their regulations for the pulp and paper industry. 
As part of these regulations, industry is required to examine their receiving envi-
ronment for evidence of alterations in resident fish populations. Cycle 1 reports 
for the Fraser Papers Inc. mill at Thurso (hardwood, bleached kraft), Quebec, sug-
gested some reproductive responses in feral fish were evident downstream of the 
discharge. Fish sampled from the mill plume at Thurso indicated a reduction in 
ovarian weights in brown bullhead and an increase in liver weights in male yel-
low perch. At this time, Fraser Papers and Environment Canada signed a memo-
randum of agreement to undertake the following research study as an alternative 
to the fish survey of the EEM program for Cycle 2. The objectives of this research 
study were to a) further clarify and validate the findings of Cycle 1, b) analyze 
reproductive health of fish populations, c) evaluate the installation of secondary 
treatment system and d) assess the potential for the use of forage fish in the EEM 
program. Overall, results from the two years of study at the Thurso location an-
swered a number of relative EEM questions. The reproductive alterations found 
during cycle 1 were not evident during either year of the research program. Other 
alterations found during 1997 were not present in 1998 following a number of 
process changes at the mill. Our studies also indicate that determining the magni-
tude and the extent of the alterations in fish populations to mill effluent is very 
critical in the EEM program. Our in depth studies with forage fish demonstrated 
that fish less than 1 gram can be utilized for EEM studies as they may be less 
mobile than some of the larger species used during the first cycle of the EEM pro-
gram. 
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Solid wastes and airborne emissions - 
key to the environmental impacts 
and their management in the future 
Kari Larjava, Markus Olin, Antti Pasanen, Marko Walavaara and 
Tuula Vahlman 
VTT Chemical Technology, P.O.Box 1403, FIN-02044 VTT, Finland 
I Introduction 
Closing the water circles and generally reduction of water consumption has been 
one of the most important aims in the pulp and paper industry since many years. 
Anyhow, closing water circles fully does not mean that environmental impacts 
would be neglected. When water is circulated, all the impurities of the water are 
concentrated and they have to be taken out as solid wastes or they are stripped in 
to the air in gaseous form. Also through chemical reactions different inorganic and 
organic trace compounds can be formed and emitted to the atmosphere. For these 
reasons it is not enough to handle only the waste water. Also solid materials and 
gaseous compounds have to be taken simultaneously into account, in an econom-
ic and technologically reasonable way. This is also the idea behind the new EU 
legislation, especially IPPC-directive (Integrated Pollution Prevention and Con-
trol, Coucil directive 96/61/EC). This presentation concentrates on integrated ap-
proach to the environmental impacts in pulp processes, especially on solid and 
gaseous mass flows in a pulp mill. 
2 Non-process mass flows in a kraft pulp mill 
In order to manage environmental impacts it is necessary to know the behaviour 
of significant non-process elements in different mass flows of the process. In Table 
1 /1/ main sources of different non-process elements and their purge points are 
presented. Dregs and grits are the major purge points for several metals which are 
mainly causing problems in the process, but they will also be presented in solid 
wastes. Potassium and chlorine are found in electrostatic precipitator ash after the 
recovery boiler. They are harmful because of boiler plugging. Nitrogen will be 
converted into NH3 and NOX and emitted into the atmosphere. 
Only few studies have been carried out in order to determine the behaviour 
of more toxic trace elements like cadmium, lead and mercury in the kraft cycle. 
One study was made in SIHTI 2, Energy and Environmental Technology Research 
Programme funded by Technological Development Centre of Finland (TEKES). In 
figure 1 one example of the behaviour of cadmium in a kraft pulp mill is presented. 
It can be clearly seen that cadmium is concentrated in green liquor dregs and lime 
mud. It is also partly emitted into the atmosphere in recovery boiler flue gas./2/ 
The process is a modern mill using ECF bleaching. 
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Table I Behaviour of the non-process elements in the kraft liquor cycle /D/. 
Element Main sources Potential problems Main purge points 
K Chips Recovery boiler plugging ESP dust 
Cl Chips and chemicals Recovery boiler plugging ESP dust 
Ca Chips and lime Forms scales, competes with Dregs, 
pulp transition 	metals for chelants, 
and affects oxygen delignification 
Mn Chips Forms scales and deposits, lowers Dregs 
pulp brightness 
Fe Chips and lime Forms scales and deposits, lowers Dregs, grits 
product brightness, hampers lime 
mud filtration 
Al Chips and lime Forms scales and deposits, and Dregs, lime mud 
Competes with transition metals 
For chelants 
Cu Chips Decomposes oxygen-based Dregs 
bleaching chemicals 
Co Chips Decomposes oxygen-based Dregs 
bleaching chemicals 
Cr Chemicals Increases the frequency of CIO, Dregs 
Generator puffs and affects 
Product brightness. 
P Chips Decreases the available CaO Lime mud 
Si Chips and lime Forms scales and deposits, (Small amounts 
Decreases the available CaO exit with dregs 
and grits) 
Mg Chips and lime Disturbs the settling properties of Pulp, dregs, grits 
The dregs 
Ba Chips Forms scails and deposits Dregs 
N Chips NH3 and NO,  emissions Noncondensible 
Gases (NCG) from 
The recovery boiler 
¶<8OmWh 
Turpentine (< 2) 
Methanol (0.54) 
Recovery Boiler Flue Gas (77) 
Lime Kiln Flue Gas (0.98) 	
< 160 mg/h 
Chips 
	 0 0 Products (< 154 mg/6) 
Chemicals 	 Rejects 
Water 	 Tall Oil Dregs (4.5 mg/h) 
Ca0 Grits (160 mg/h) 
del 
	
Green liquor Dregs 
+ Lime Mud (5 700 mg/h) 
Acidic Filtrates 	(< 8.4) < 5 900 mg/h 
Acidic Filtrates 	(< 1.6) 
Secondary Condensate 	(< 1.6) 
_ 	< 12 mg/h 
Figure 1. Cadmium balance in a kraft pulp mill /2/. 
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One of the biggest still unsolved environmental problems are odorous trace gases 
released from kraft pulp mills in to the air. Total reduced sulphur compounds 
(TRS) cause occasionally odour problems in the surroundings of mills. Main com-
pounds are hydrogen sulphide (H2S), methyl mercaptan, CH3SH, dimethylsulphide, 
(CH3)2S (DMS) and dimethyl disulphide 2[(CH3)2S2](DMDS). The problem of these 
compounds is that their odour threshold limit is very low, usually only a few ppb's. 
Volatile organic compounds (VOC) are gaseous compounds which are also 
emitted from the mills. Turpentine is a good example of a volatile compound which 
is at the same time valuable byproduct. Collection of turpentine saves both money 
and environment simultaneously. Turpentine is composed of different 
monoterpenes, e.g. pinenes and limonene. Concentrations of different terpene 
components can vary in a wide range, up to 10 000 ppm /3/. Their control needs 
continuous monitoring, e.g. FTIR analyser. 
3 Waste management in pulp industry 
The pulp and paper industry is one of the major producer of solid wastes. It is 
typical of the industry that the residues from one stage of production can be uti-
lized in another one. For example, both barking refuses and black liquor are very 
important utilization streams in the energy production of a pulp mill. Wastes and 
by-products are actively utilized in the forest industry. More than 95% of the wood 
raw material is utilized, approximately 60% of the waste water sludges are com-
busted, and about 30% of the ashes from the energy production are utilized as 
fertilizers or in earthworks. However, huge amounts of solid wastes generated are 
disposed to the landfills owned by the mills themselves. Solid wastes, most of 
which are non-hazardous, include e.g. green liquor dregs and grits, ashes, lime 
sludge, waste waster sludges, fibre and paste sludges, and wood wastes. 
Generally, the concentrations of the contaminants in the pulping waste streams 
are not very high. The problem in the handling of those streams is their huge amount 
and the difficult processability. The total amounts of solid wastes are increasing, 
thus the treatment and disposal of them becomes still more challenging in the 
future. Both increase in production and the development of the processes lead to 
an increase in waste generation, e.g. the efforts to close the cycles and decrease 
water consumption will increase the need to remove the non-process elements 
from the chemical cycles. According to Kiiskilä when closing TCF-process dry solids 
load to the recovery process will increase by 8-9% /4/. By controlled closing 
activities it is possible to actuate how and in what form the wastes are removed 
from the processes. 
More effective utilization and more acceptable disposal of the solid wastes 
can be reached if the properties and the basic characteristics of the wastes are known 
better. The knowledge on environmental impacts is essential when classification 
(hazardous/non-hazardous waste), disposal and utilization decisions for the solid 
wastes are made. The waste management strategies have to meet with the existing 
legislation and the regulations. Important general principles in Finnish waste 
legislation are in an order of importance: 
• prevention of waste generation; 
• utilization, recycling and reuse of waste (as a material); 
• utilization of the energy content of waste; 
• acceptable final disposal of waste. 
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The legislation gives precedence to the recovery of materials over energy genera-
tion and strongly promotes the principle of producer responsibility. At a single 
pulp mill, these principles can be applied by e.g. 
• optimizing the processes and/or process control practices (prevention); 
• implementation of new unit process or recycling the waste in the process 
(prevention by the process); 
• quality control, assorting, recycling, composting, or development of by-
products (material utilization); 
• waste incineration or digestion (utilization of the energy content). 
4 Integrated approach to pollution control — effects 
of IPPC-directive 
Clear instructions how to implement IPPC-directive do not exist. For this reason it 
is necessary to develop methodology to apply IPPC principles in reality. This de-
velopment work has been done in the Environmental Cluster programme direct-
ed by Ministry of Environment of Finland. In the study, needs of industrial plant, 
authorities and society are inherently connected. Industry is interested to mini-
mise the use of raw material and energy, society and authorities are putting their 
focus in seeking effective methods to define end meet the emission levels accord-
ing to existing standards, considering economical aspects and best available tech-
nologies (BAT). In figure 2 a scheme for environmental information exchange is 
presented. /5/ The developed methodology can be used for decision of new in-
vestments. 
Climate 
emission to air 
Natural water system 
data on biological, physical and chemical phenomena 
emissions to water 	 + 	 + 
—► Soil 	 Research on Environmental Impacts 
Industrial Plant 	solid waste 
emission data 
impact information 
Used for mapping of potential 
development targets and for 
evaluation of process 
alternatives 
Emission evaluation model 	weights 	Authorities 	values 	Society 
IPPC principles 
E(waterl, air,, solid waste,) 
Figure 2.A scheme of environmental information exchange over the pulp mill /5/. 
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5 Challenges in the future 
In the future one of the biggest challenges is to have a rational and systematic 
approach for integrated pollution prevention and control taking economic and 
technological aspects into account in real use when making decisions. At the mo-
ment those aspects are far too separated in decision making. To make this happen 
user-friendly data management tools are needed. They are under development in 
on-going projects /5/ 
It can be forecasted that in the future the importance of waste management 
becomes more important as an essential part of the whole environment policies of 
pulp industry. The challenges to be solved can be e.g. 
• integration of solid waste related issues to the total environmental manage-
ment system as an equal part of the aggregate; 
• effects of water circuit closure (and other possible changes in processes) on 
solid wastes; 
• causality between the different emissions at the mill (effluents, emissions, 
solid wastes); 
• big amounts of wastes; 
• convection of the pollutants from the wastes to the environment; 
• water content of the wastes, which shortens the operation time of the land-
fills; 
• difficulties in finding new areas for landfills; 
• tightening of the landfill regulations; 
• increasing landfill costs (quality control of wastes, treatment charges, taxa-
tion). 
In the management of air emissions the most challenging development needs are 
• reduction of VOC emissions 
• control of odorous substances in air effluents 
• management of occasional emissions 
• integrated monitoring and control of gaseous emissions 
• quality assurance and maintenance of monitoring equipment in difficult 
sampling conditions (lot of moisture and alkaline substances) 
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the runoff water of fertilized areas. Although 1998 was a rainy year, the biomass of 
phytoplankton almost doubled after the fertilization in L. Tavilampi and L. 
Nimetön, in contrast to the control lake, where the biomass of phytoplankton slight-
ly decreased from the previous year (Table 3). No changes in chlorophyll concen-
trations were observed, but in 1999 phytoplankton growth was enhanced in L. 
Tavilampi. In addition there was a pronounced increase in rotifer concentrations 
in L. Tavilampi after the fertilization, which may indicate the enhanced produc-
tion level of this lake. In Canadian lakes increased rotifer numbers have been 
obeserved following forest fires (Patoine et al. 1999). No clear changes in the den-
sities of bacteria or greater zooplankton were observed (Table 3). 
Table 3. Bacterial density (cells 106 ml- l), phytoplankton biomass (mg C m -3) and number of Rotatoria and Crustaceae 
(ind. 1-1) in the studied lakes. 
Lake Year Bacteria Phytoplankton Rotatoria Crustaceae 
L. Tavilampi 1997 2.2 153 510 240 
1998 1.4 240 2000 202 
L. Nimetön 1997 2.7 266 1866 13 
1998 2.0 502 625 19 
L. Horkkajärvi 	(control) 1997 2.2 225 50 154 
1998 2.1 203 57 117 
The heavy metal concentrations varied widely in different animal groups, but af-
ter one summer, accumulation of heavy metals in zooplankton, benthic animals or 
fish was not found (Fig. 2). However, wood ash, by enhancing soil pH, can initial-
ly slow down leaching rates of heavy metals from the catchment area (Rosen et al. 
1993), and thus, it is important to also investigate the long-term effects on the lake 
ecosystems. 
4 Conclusions 
• Over the short term, the application of self-hardened wood ash on peatland 
has only a minor impact on water quality and phytoplankton communities 
in humic headwaters. 
• Long-term monitoring of lake ecosystems is required, however, to accurate-
ly assess the effects of P and heavy metal leaching from ash-fertilized forest 
soils. 
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Figure 2. Concentrations or Cd and Cr in zooplankton, benthic animals and fish in Lake Tavilam-
pi (catchment fertilized by wood ash) and in control, Lake Horkkajärvi. 
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PCDD/PCDF and PC-PAH in as 
emission and waste effluents of 
pulp and paper mills 
E.S. Brodsky 
Severzov Institute of Ecology and Evolution of Russian Academy of Sciences 
Leninskiy Prospekt 33 Moscow 117071Russia 
Abstract 
PCDD and PCDF congener profile variations in solid and liquid effluents so far as 
in gas emissions from pulp and paper mills in Archange1sk region and some other 
regions of Russia were studied for characterisation of contamination sources of 
sediments and food. 
Among with PCDD/PCDFs in sewages of some pulp and paper mills poly-
chlorinated PAHs were found. The concentrations of these compounds are com-
parable with those of PCDD/PCDFs. Besides chlorinated pyrenes usually found 
in combustion products these compounds as a rule are alkylsubstituted ones sim-
ilar to PAHs in oil. 
Keywords: PCDD, PCDF, polychlorinated PAH, pulp and paper mill effluents and 
gas emissions 
I Introduction 
A large bulk of organic chlorinated compounds (OCCs) is discharged to the envi-
ronment from pulp and paper mills as liquid, solid and gas emissions (Paasivirta 
1992). 
The following sources of OCCs can be identified in pulp and paper industry: 
• Sewages (chlorinated phenols and relative compounds, PCDD/PCDFs, 
chlorolignin). 
• Solid wastage (silt from settling tanks after cleaning of sewage waters). 
• Gas emission from sewage incinerators. 
• Possible source — dust from sewage farms. 
2 Methodology 
2.1 PCDDs and PCDFs 
During last 5 years a number of pulp and paper mill effluents, gas emissions, sed-
iments etc. were studied for PCDDs and PCDFs in Archangelsk region (Yufit, 1994) 
and in Sibir including the Lake Baikal. Analysis was performed by GC-HRMS 
using sample treatment procedure described elsewere (Soboleva et al.1995). 
...............................................The  Finnish Environment 417 
2.2. Chlorinated PAHs 
Samples were treated by extraction and cleaned-up on the alumina column. Sam-
ples prepared for PCDD/PCDF analysis were also analysed for PAHs. Analysis 
was made by full scan GC-MS. Ion trap mass spectrometric detector Finnigan 
MAGNTJM coupled with gas chromatograph Varian 3400 was used. The gas chro-
matograph was equiped with silica capillary column 25 m x 0.25 mm Quadrex 
400-1HT-25-0.1F. Column temperature was programmed as follows: 120°C(1)-200C/ 
min-2200C-50C/min-2800C, injector and interface temperature 2600C, carrier gas 
He flow rate 1 ml/min. Splitless injection was used with purge delay time 0, 5 
min. Mass spectra were acquisited in the range 150-550 using electron impact ion-
isation at 70 eV. Identification of components was carried out on the base of the 
molecular mass, ion isotope clusters, fragmentation routs and retention times. 
Concentrations were estimated by internal standard method, using the isotope 
labelled and fluorinated dioxin standards and D10-antracene. 
3 Results and discussion 
3.1 PCDDIPCDF profile 
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Fig. /. The typical PCDD and PCDF congener distribution in sediments. 
PCDD/PCDF distribution in pulp mill wastes in general is the same, though there 
can be some variations. Study of a number of wastes and sediment samples from 
the Arkhangelsk region has shown that there is a typical distribution (Fig. 1). This 
picture is characteristic for the majority of sediment samples collected in different 
sites of the region and can be considered as a background pollution. PCDD/PCDF 
concentrations vary from 60 to 100 pg/kg in background samples and reach 10-35 
ng/kg in sludges (Yufit 1994). Factor analyis allowed to visualize the differences 
in PCDD/PCDF composition in pulp and paper mill wastes and sediments (Fig. 
2). Most of the samples with similar congener distribution form a close group, but 
some of them differ in value of the first or second factor. The first factor is loaded 
prefentially by OCDD, the second by OCDF. 
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There are three basic sources of gas emissions during combustion in pulp 
and paper mills: combustion of wastes, chemical recovery boilers and power boil-
ers. In Baikal pulp and paper mill PCDD and PCDF contents in these samples 
were 117, 232 and 345 pg/m3 respectively (Brodsky, 2000). The basic components 
are 2,3,7,8-TCDD (100-230 pg/m3), OCDD and for power boiler — hexa- and hep-
ta-PCDF. The ratio of isomers 123478 -, 123678 -, 234678-HxCDF were, according-
ly, 40:20:40, 60:30:1 and 45:45:10. The HxCDF ratio found in zooplanctone and seal 
fat was equal 28:9:1. The concentrations of TCDF were not so high either. These 
results support the assumption that sources of PCDDs and PCDFs in biota are 
mainly the processes of distant transport. 
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Fig. 2. Factor scores for samples of pulp and paper mill wastes and sediments in Archangelsk 
region. 
The flue gases of chemical recovery boilers fueled by pulp and paper mill wastes 
contained significantly lower amounts of PCDD/PCDFs in gas emission than in-
cinerators. Obviously, alkaline condition in recovery boiler promotes inhibition of 
PCDD/PCDF formation. 
When compared, the PCDD and PCDF congener distributions in gas emis-
sions from different pulp and paper mills were similar, but those from other gas 
emission sources differed significantly. Accordingly, there are similar combustion 
processes on different pulp and paper mills resulting to similar PCDD and PCDF 
distribution. 
It was proposed that analysis of some integrating matrices allows to estimate 
more correctly character of dioxin pollution in the environment, than direct anal-
ysis of air, water, ground, ground samples. Such integrating matrices are cow milk 
(in case the forage only from local pastures), butter, honey. Analysis of butter sam-
pies selected in different sites of the Arkhangelsk region: Kholmogory (B1), Kar-
gopol (B2), Shenkursk (B3), Emezk (B4), Vinogradovo (B5 and B6) performed by 
Soboleva et al. (1995) lead to the conclusion that dioxin pollution is completely 
caused by wastes of pulp and paper mills. 
PCDD and PCDF congener distribution in wastes of pulp and paper mills is 
quite different from that of in air and gas emission samples. It is interesting to 
compare PCDD and PCDF congener distribution in butter samples with some typ- 
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ical distributions. The results of factor analysis are shown in Fig.3. For comparison 
some typical congener distributions are presented: pupl mill wastes, gas emis-
sions of incinerator and sediments of the Arkhangelsk region. 
The first factor, is loaded mainly by OCDD, the second factor by TCDD, 
PeCDD, PeCDF, HxCDF, HpCDF, OCDF. A distinct separation of samples in factor 
space on two groups is observed: B2, B6 and BO — background pollution of sedi-
ments and points B1 and A4. The points B3, B4 and B5 are away from these two 
groups. 
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Fig. 3. Factor scores for samples of butter and air. 
The closeness of the samples B1 and A4 (air in town Novodvinsk near Archan-
gelsk) points that the pollution of butter may be caused by the air pollution.. On 
the contrary, the closeness of the samples B2 and B6 to the averaged background 
shows that in this case basic source of pollution of butter are the pulp and paper 
mills wastes. Other points can be considered as intermediate. Therefore PCDD/ 
PCDF congener disteribution shows that the sources of pollution of butter sam-
ples can not be considered to be from one source — pulp mill wastes — only. 
3.2 Chlorinated PAHs 
Chlorinated PAHs have been found in water after chlorine treating, in gas emis-
sions from municipal incinerators, in urban air and in automobile exhaust gases 
(Barnhart et al, 1987). It was suggested that an important source of chlorinated 
PAHs in exhaust gases of automobiles are gasoline scavengers such as dichlo-
roethane and dibromoethane. The chloro-PAHs in excaustes were mainly chlorin-
ated pyrenes. Chlorinated alkylnaphtalenes and alkylphenantrenes have been pre-
viously identified in kraft pulp mill wastes (Paasivirta 1992, Koistinen et al. 1994). 
We also found a number of chlorinated PAHs in waste water samples from 
pulp and paper mills: phenantrene, methyl and dimethylphenantrenes, pyrenes, 
methyl and dimethylpyrenes, fluorenes, etc. (Fig.4). Concentration of these com-
pounds was from sub-ppt to 20 ppt. Chlorinated sulphur compounds were detect-
ed only on the trace level. However, chlorinated PAHs are not present at all in 
waste water samples; thereby chlorinated PAHs are not related with PCDDs/ 
PCDFs. Predomination of alkyl, especially polymethyl, substituted chlorinated 
compouds and their structure similarity to non-chlorinated PAHs allow to sup-
pose oil residues as origin of these compounds. Like enough that the origin of 
chlorinated PAHs is combustion of chlorine containing wastes using oil fuel. 
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Chlorinated PAHs of analogous structure were found also in some soil sam-
ples, (concentration of these compounds was from sub-ppb to 10 ppb), in breast 
milk and foodstuff from Bashkiria (Brodsky et al. 1995). 
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Fig. 4. PAHs and chlorinated PAHs in Sayanskchimprom paper mill waste water (ngIL). 
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Determining odour and odour 
annoyance in the environment 
S. Kuusisto and M. Arnold 
Technical Research Centre of Finland, VTT Chemical Technology, Environmental 
Technology, P.O.Box 14032, FIN-02044 VTT, Finland 
Abstract 
The most suitable measurement method for determining odour and odour annoy-
ance in the environment is decided from case to case. This paper describes, as an 
example, two population panel investigations, which were carried out using resi-
dents in the neighbourhood of a pulp mill in Rauma. These investigations show 
that odour and odour annoyance have decreased. 
Keywords: odour, odour annoyance, odor, population panel, pulp and paper 
industry 
I Introduction 
Controlling and minimising odour annoyance in the neighbourhood of a produc-
tion plant has become an important environmental issue in the pulp and paper 
industry too. Accurate and objective quantification of the problem is essential, to 
allow the planning of measures to reduce odour emissions or monitor the effect on 
the environment of odour emission reduction. 
The extent of annoyance caused by odorous air pollution depends, however, 
on a number of parameters, such as the frequency and duration of the odour epi-
sodes, and the intensity and character of the odour. In addition, different individ-
uals may respond very differently to the same odour, depending on the sensitivity 
of their sense of smell, as well as on their expectations and attitudes. Furthermore, 
for most odorants, the human sense of smell is more sensitive than physical-chem-
ical measurement methods. Ambient odour is typically caused by a complex mix-
ture of substances, at concentrations that are often below the detection limit of 
most technical instruments. 
As odour annoyance is due to complex human reactions, accurate odour 
measurement should ultimately rely on human perception. Methods have been 
developed for the objective evaluation of an odour source and the degree of an-
noyance in the environment. The validity of such investigations depends on ob-
taining representative observations, distributed evenly over a sufficiently long 
period. This sensory data can be collected by using either trained non-resident 
observers or by using residents in the neighbourhood. 
The most suitable measurement method for each case is decided individual-
ly, according to the information required and the characteristics of the site to be 
evaluated (Arnold 1995). The odour source is generally quantified by olfactomet-
ric (sensory) emission measurements, its effect on the environment being, in turn, 
evaluated by means of odour dispersion calculations or measured by field inspec-
tions, population panels or questionnaires. These methods give the odour frequency 
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(percentage of odour time per year) and the extent of the odour plume around the 
odour source. Population panels and questionnaires also give the total odour an-
noyance and the annoyance caused by individual types of odour. 
This paper describes two population panel investigations, which were car-
ried out in the surroundings of a new pulp mill in Rauma. 
2 Experimental 
2. ! Oy MetsämRauma Ab 
Metsä-Rauma is the first greenfield pulp mill in the world, which is designed to 
produce only TCF-pulp. The mill was started up in 1996 with a nominal capacity 
of 500 000 tonnes of softwood TCF-pulp per year. Today, the capacity is 570 000 
tonnes/a and will be increased to up to 600 000 tonnes/a within the next few years. 
In the process design, much attention was been paid to environmental as-
pects. The fresh water consumption is very low, due to tight closure of the water 
circulations. Concentrated non-condensed gases are collected and burned in the 
limekiln or in a separate boiler. Besides the burning option, the mill has also built 
a two-stage scrubber for the concentrated gases. Weak non-condensed gases are 
burnt in the recovery-boiler. 
Metsä-Rauma had a typical starting curve for a pulp mill, so that the process 
was unstable for the first two years. This was also reflected in the level of acciden-
tal emissions from the mill. Once the stability of the production became normal, 
the number and duration of accidental emissions has also decreased. This devel-
opment can be seen very clearly in the population panel investigations, which 
were carried out in 1997 and correspondingly in 1999. 
2.2 Population panel method 
Selected test subjects were asked to keep records for a defined period (6 months in 
this case), in the form of a diary, of odours they observed in the surroundings of 
their homes. The test subjects were women and men and from every age group 
over 18 years old. The distribution of the test subjects corresponded closely to the 
population density around Rauma and in the neighbouring municipalities. 
The odour records of the test subjects were checked against the wind direc-
tions and improbable observations were removed. Absences, for example, for hol-
iday trips were also subtracted from the observation time of the test subject. The 
odour frequency and the extent of the odour plume around the odour source were 
determined from the odour observations. 
The total odour annoyance and the annoyance caused by different types of 
odour were calculated as an odour annoyance index (VDI 1993), which is the weekly 
percentage of the panel subjects who experienced the odour as distinctly annoy-
ing. The weekly annoying index is based on the total number of observations in 
the week and the annoyance category estimated by the test subject. 
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lk = N 	W [+l ik 	 (1) 
where, 	Ik 	is the annoyance index in the k-th observation week 
Nk is the total number of observations in the k-th week 
i 	is the annoyance category (0-3) 
Wi is the weighting of annoyance category i (0, 33%, 67%, 100%) 
N;k is the number of observations in annoyance category 
i in the k-th week 
The population panel consisted of 41 residents, who followed, over six months 
(1.3.-31.8.1997 and 1.3.-31.8.1999), how often and what kind of odour they ob-
served in the surroundings of their homes. The investigation area covered 26 km 
from the mi11. 
3 Results and discussion 
According to the population panel, an odour and a very annoying odour from the 
mill occurred in 1997 for an average of 1.7% and 1.1% and, in 1999, 1.0 % and 0.6% 
of the total observation time (24 hours/day). Figure 1 which shows that the odour 
frequency from the mill decreases as a function of the distance. The difference 
between years 1997 and 1999 is significant. Other odours included, for example, 
odours from traffic, agricultural production and waste water treatment. 
1997 
❑ other odours 
® no, or slightly annoying odour 
from mill 
1 very annoying odour from mill 
1999 	1997 
I 1999 	1997 	 1999 
lii IT1T 
1997 
1999 
U-[ 	 1-4 	 4-10 	 >10 
dism-ncc, km 
Figure I.The odour frequency determined in the population panels in 1997 and in 1999. 
Figure 2 shows the weekly annoyance index. According to the investigation, 18% 
of the panel subjects experienced the odour as distinctly annoying in 1997 and 
17% in 1999 (the median of the weekly annoyance index). 
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Figure 2. The weekly percentage of the panel subjects who experienced the odour distinctly an-
noying (=annoyance index Ik) in 1997 and 1999. 
4 Conclusions 
The population panel is a suitable method for determining odour and especially 
odour annoyance in the environment of a pulp mill and also for monitoring the 
effect on the environment of odour emission reduction. 
By determining odour and odour annoyance in their environment, the pulp 
and paper industry can show to residents and public authorities that their actions 
to reduce odour emissions have been successful. For the test subjects, keeping an 
odour diary is a good opportunity to test the correctness of their assumptions 
about the odours. 
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Interpolyelectrolyte reactions 
with lignin participation as a 
method for development of soil 
improving agents 
Galia Shulga 
Latvian State Institute of Wood Chemistry, 27 Dzerbenes St., Riga LV-1006, Latvia 
Abstract 
Environmental friendly and cost effective soil improving agents can be produced 
as a result of interpolyelectrolyte reactions between soluble technical lignin and 
various polymeric cations by the mixing of their aqueous solutions at normal con-
ditions. The formed polymeric products are lignin-based interpolyelectrolyte com-
plexes, which may be considered as a novel class of polymeric compounds. The 
behavior of the interpolyelectrolyte complexes in aqueous solutions is determined 
of their composition and depends on the conversion extent in the interpolyelec-
trolyte reaction. The peculiarities of their structure cause pronounced adhesive 
properties. As the laboratory tests have shown, the stoichiometric interpolyelec-
trolyte complexes applied to the soil are able to aggregate it by gluing sandy par-
ticles and impart water stability to aggregates formed as well as to create compos-
ite polymer-sand coatings for withstanding wind and water erosion. The ability of 
the components of interpolyelectrolyte complex to form chelate compounds with 
polyvalent metal ions leads to the formation of polymer-metallic complexes that 
makes possible to mimic, to some extent, the composition and structure of soil 
organo-mineral substances. The polymer-metallic complexes considerable increase 
in erosion stability of the composite coatings in comparison with the coatings 
formed by application of interpolyelectrolyte complexes. 
Keywords: interpolyelectrolyte complex, soil improving agent, technical lignin 
I Introduction 
The age of biomass comes, and so the chemical modification of lignin-containing 
wastes (the by-products of various industrial processes of wood delignification) 
gathers more and more attention in producing polymeric products for agricul-
ture's needs. It is known that, during last period, agriculture in many countries 
became much more effective, but, in many cases, bad soil structure and soil ero-
sion can be limiting factors for obtaining good harvest. 
The soil structure development and erosion control could be achieved by the 
application of modified wood polymers such as cellulose and lignin (Callebaut et 
al. 1979). 
It is known that the main function of native lignin is binding cellulose fibers 
in wood. That is one of the reasons why lignin-based improving agents are 
characterized by pronounced adhesive properties. The commercial lignin 
conditioners such as Sandstop, Dustex, Wafex, Lima and Lia are well known. They 
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possess and advantage over synthetic soil conditioners, since they are 
biodecomposed polymeric systems and are low cost. In addition, relatively low 
viscosity and aggregative stability of water solutions of the lignin-based 
conditioners are very advantageous technological factors for agriculture's 
application. Hence, some of them are not very effective and can be applied only to 
certain kind of soil. Besides that, the known lignin-based conditioners composition 
and structure are not approximated to the structure and composition of soil organo-
mineral substances. 
The aim of this work is to show how it is effectively possible to modificate 
technical lignin for obtaining soil improving agents which are capable of mimicing 
soil organo-mineral formations. 
2 Materials and method 
Commercial technical Na-lignosulfonate (LS) from spent pulping liquor of soft-
wood was used for production of the lignin-based conditioners. The average mo-
lecular mass of LS used was equaled to 46,000. Sulfur content in the LS made up 
average 5.5 wt %, but reducing sugar content did not exceed 12 wt %. For a study 
of interpolyelectrolyte interactions, the purified and fractionated LS with molecu-
lar mass from 8,000 to 130,000 were applied. 
As polymeric modificators of water-soluble lignin, different polymeric cations 
— weak and strong polybases, containing aminogroups, were used. The polymeric 
modificators of LS represented both commercial and laboratory samples. 
Aqueous reaction mixtures of LS and polybase at equal volume ratios were 
used for lignin-based improving agents obtaining. A study of the inter-
polyelectrolyte reactions in the reaction mixtures was carried out at 200C using a 
potentiometric titration, a colloid titration as well as a high-speed sedimentation. 
The soil under study was a sandy light soil with humus content of 0.08% and 
aqueous extract pH 6.1. The mechanical composition of the soil was as follows: 
2.6% of particles between 1.0 and 0.25 mm, 88.6% of particles between 0.25 mm 
and 0.05 mm, 8.8% of particles less than 0.05 mm in size. 
The aggregate composition of the soil was determined by sieve analysis and 
characterized by the structuring coefficient (SC), which was the ratio of the mass 
of the soil aggregates formed to the mass of the soil sample. The water-resistance 
of the formed soil aggregates was characterized by the water stability coefficient 
(WC), being the ratio of the mass of water-stable aggregates to the mass of all the 
aggregates. Mechanical strength of the aggregates was evaluated by the mechanical 
stability coefficient (MS). It was determined according to the summary content of 
the soil aggregates after shaking in a laboratory shaker. 
Erosion stable sand-polymer coatings were obtained by spraying of the water 
solutions of the improving agents at the sand surface. The penetration resistance 
of the coatings was characterized by the stress corresponding to the maximum 
load under which the coating was penetrated by the penetrometer. The wind erosion 
stability of the coatings was measured in an aerodynamic tunnel at wind velocity 
25 m s-'. Wind erosion stability was determined as a mass loss from the sandy 
surface after the test in relation to the surface area and the experiment time. 
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3 Results and discussion 
3.1 lnterpolyelectrolyte interaction with lignin participation 
Lignosulphonate interacts with polymeric cations - weak and strong polymeric 
bases in aqueous media with the formation of interpolyelectrolyte complexes (IPC). 
Such an interaction has an electrostatic nature and is of a cooperative character 
(Shulga et. al.1984). The reaction between water-soluble lignin and polymeric bases 
can be represented schematically in the following manner: 
a) LS - A7 + 	B H PC H2O 	LS - A JEEB -~ PC + n(OH-); 
b) LS - A + Hal- +B I PC H2O 	LS I- A- +B I PC + n(Hat ), 
where : A - —S03-9 COO - ; B — NH2-, NH=, N= or +NH= ; Har — Cl - , Br - 
From the thermodynamic point of view, such interpolyelectrolyte reactions are 
analogous to the reactions between complementary biopolymers responsible for 
the self-assembly of most biological structures (Kabanov et. al. 1980). It is evident 
that lignin-based interpolyelectrolyte complexes may be considered as a novel class 
of polymeric compounds. 
A study of the chemical equilibrium of interpolyelectrolyte reactions has 
shown significant effect of the LS molecular mass on the interpolymer association 
mechanism. The association of LS macromolecules with polymeric cation chains 
is found to increase with an increase in the LS molecular mass. The composition of 
interpolymer associates depends on the conversion extent in the interpolyelectrolyte 
reaction. When the interpolyelectrolyte reaction proceeds to deeper conversions, 
the number of lignosulphonate macromolecules having been incorporated within 
the particles of polycomplexes increase. 
The ability of IPC to be dissolved in water depends on both a mass ratio of 
the polyelectrolytes and the conversion extent in the intermacromolecular reaction. 
With the approximating of the IPC composition to the stoichiometric ratio of the 
components in the reaction mixture and the increasing of the conversion extent, 
the solubility of IPC in aqueous media tends to decrease. This is the very important 
fact from the application point of view. 
3.2 Interpolyelectrolyte complexes as soil improving agents 
The presence of hydrophilic regions, in parallel with hydrophobic sequences in 
IPC macromolecules, determines their adhesive properties and the affinity to dif-
ferent mineral surfaces. The adhesion contact is preserved also in the wet state. 
This allows forming soil structures and erosion-resistance coatings from mineral 
dispersions and IPC based on technical lignin. 
It has been found that the values of structuring, water-stability and mechanical 
stability coefficients depend on the IPC content into the soil. It can be seen that the 
amount of the soil aggregates as well as their stability to the wedging-out action of 
water and the mechanical action increase as the IPC content in the soil enhances. 
At an application rate of 0.3-1.2 wt % from sandy soil, a structuring, a water stability 
and a mechanical stability coefficients are varied from 0.39 to 0.98, 0.30 to 0.89 and 
from 0.22 to 0.61, respectively. Unmodified LS as a conditioner forms only water-
unstable artificial soils structure independently on its content in soil. 
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It was found that the SC, WC, and MS values of the artificial soil structure 
formed by the action of IPC to the sandy soil tend to increase if a strong polymeric 
base having a higher charge of the macrochain and a higher molecular mass is 
used instead of the weak polymeric base. An investigation of the effect of the 
molecular mass of the strong polybase on the structuring properties of IPC has 
shown that an increase in the intrinsic viscosity of polycation from 0.1 to 0.8 dl g1  
at the application dose 0.7 wt % remarkably enhances the content of water-stable 
aggregates in soil from 39.2 wt % to 62.5 wt %. With the further increase of viscosity 
up tol.6 dl g-1,  WC does not practically change and somewhat decreases at a 
sufficiently high molecular mass of polycation, the corresponding viscosity equaling 
to 2.5 dl gl. 
Table I.Wind erosion stability of sand-polymer coatings. 
Application rate, kg ha 1 	 Sand mass loss, kg m-2 h-I 
Prior to 	 After seven 
wetting 	 wetting-drying cycles 
1500 for LS 	 0.19-0.35 	 high erosion 
1650 for IPC 	 0.16-0.31 	 0.21-0.39 
1700 for triple polymer-metallic complex 	 0.1 I-0.23 	 0.14-0.27 
The spraying of the IPC solutions at the surface of a sandy soil results in the for-
mation of sand-polymer composite coatings. Owing to the peculiarities of the for-
mation of the polymeric framework from IPC, the whole polymeric matrix is con-
centrated in surface layers and, being subjected to adhesion forces in the condensed 
state, imparts sufficient mechanical strength as well as wind and water erosion 
stability to the sand-polymer coatings. 
Laboratory tests have shown that the amount of IPC and the concentration of 
the applied aqueous solutions determine the thickness and penetration resistance 
of the coatings. Thus, an increase in the volume application rate of IPC from 1.5 to 
3.01 m2 at a concentration of 3-12 g dl-1 enhances the penetration resistance of the 
coatings from 0.14 MPa to 0.98 MPa and the coating thickness from 1.0 to 10.2 mm. 
The efficiency of the application of lignin-based IPC for prevention and control 
of water and wind erosion on light soils depends on the stability of such coatings 
to the abrasive action of the sandy particles moved by the air flow and to the 
wash-out with water. The tests performed have revealed (Table 1.) that, at a wind 
velocity of 25 m s-1 and the IPC application rate of 1650 kg ha-1, the sand mass loss 
from the surface of the formed coating is 0.16-0.31 kg m 2 h-1. After 7 wetting-
drying cycles, the average amount of the sand mass ablated by the wind from the 
coatings increases by 12-23%, and the penetration resistance of the coatings 
decreases by 10-19%. At the same time, the LS-formed coatings have been fully 
destroyed by wind even after 3 wetting-drying cycles. Obviously, the high 
molecular mass of IPC favors the increase in the number of the topological 
entanglement units between the oppositely charged polyelectrolyte molecules in 
comparison with LS polymeric structure. This results in the strengthening of the 
cohesion properties of the polymeric matrix of IPC and enhancement of its adhesion 
affinity to the sand particle. 
To enhance the adsorption-adhesion properties, IPC can be modified, taking 
into account the individual properties of the chemical composition of its each 
component. It is known that water-soluble lignins as well as polymeric amines 
tend to interact with salts of polyvalent metals such as salts of Fe, Cu, Zn, etc. 
forming chelate compounds. A study by the LTV- and IR-spectroscopy and 
nephelometry of triple systems, including LS, the weak polymeric base and FeC13  
or Cu(NO3)2, has revealed the formation of polymer-metallic complexes in aqueous 
solutions. Such a modification of IPC makes possible to mimic, to some extent, the 
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composition and structure of humus substances. In addition, it ensures the 
regulation of its swelling capability at different pH and leads to a considerable 
increase in the wind and water erosion resistance of composite coatings (Table 1.). 
Besides the improvement of the soil structure and a soil erosion control, IPC 
can find useful application in mulching of soils as well as for binding of 
radionuclides to ensure environmental protection and a soil recultivation. 
4 Conclusions 
• The soil improving agents are obtained by interpolyelectrolyte interaction 
between technical lignin and polymeric bases in aqueous media. 
• The stoichiometric IPC, formed at the high values of the conversion extent 
in interpolyelectrolyte reaction, is capable of creating soil structure as well 
as of developing composite coatings withstanding wind and water erosion. 
m 
	
	The ability of the components of IPC to react with salts of polyvalent metals 
makes possible to mimic the composition and structure of soil organo-min-
eral substances. In addition, it considerable increases in erosion stability of 
the composite coatings. 
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Landfill characteristics in pulp and 
paper industry 
Matti Ettala 
Kuopio University, Risto Rytin kuja 2 B 19, FIN-00570 Helsinki, Finland 
Abstract 
Field experiments were carried out at eight waste disposal sites of pulp and paper 
industry. Correspondingly seven sanitary landfills were studied in order to get 
comparative data. Water quality and table were studied to estimate water and 
groundwater pollution. In addition methane gas concentrations were studied. 
Landfill characteristics of pulp and paper industry differ from those at sanitary 
landfills. All the three pathways such as surface water, groundwater and atmos-
phere have to be taken into account when environmental impacts of landfills of 
pulp and paper industry are concerned. 
Keywords: solid waste, waste disposal, leachate, water table, pollution, landfill gas, 
methane 
I Introduction 
Landfill directives concern both sanitary landfills and industrial waste disposal 
sites. Most data collected from landfills deals with sanitary sites. In addition, most 
data concerns leachate quality but only few data from the waste body itself or 
release to atmosphere is available. However, knowledge on landfill characteristics 
is needed in order to choose the measures of environmental protection. 
2 Water quality in the waste body 
Water quality differs between the landfill sites as well as in differents parts of the 
sites. Quality of water in the landfill body of pulp and paper industry differs from 
that of sanitary landfills (Table 1). Organic load is the most important parameter of 
landfill leachate of pulp and paper industry but ammonium when sanitary land-
fills are concerned. That is why leachates from landfills of pulp and paper indus-
try can be purified in the waste water treatment plant of the mill. Only a few sew-
age treatment plants with denitrification process are suitable for leachates from 
sanitary landfills. 
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Table 1. Differences between water quality in the waste body at sanitary landfills and waste disposal sites of pulp and 
paper industry based on the Kruskal-Wallis non-parametric analysis of variance. 
Parameter 	 Difference in risk level 
CODE /chloride <0,001 
Chloride <0,01 
CODEr <0,05 
BODI <0,05 
BODI/COD <0,05 
Redox-potential <0,05 
PH <0,05 
Water quality differs in different parts of the sites. In addition, water quality dif-
fers in different levels of the waste body indicating different degradation stage of 
waste. In the bottom water is typically in the methanogenic phase and represent-
ing effluent causing groundwater pollution. Upper part of the saturated waste fill 
is typically in acid phase and CODcr concentration in the water is high (Table 2). 
Table 2. Height of the landfills and CODCr  concentrations in the water in the bottom (and in the upper part of the 
saturated waste fill) of the waste body of pulp and paper industry. 
Landfill 	site Height of the site 
(m) Average 
CODCr  (mg02 /I) 
Minimum Maximum 
1 17 4.800 (9.000) 160 11.000 
2 13 2.300 	(21.000) 790 3.500 
3 11 5.900 (37.000) 440 11.000 
4 13 3.700 320 10.000 
5 12 3.300 1.000 9.700 
6 12 8.800 - - 
7 8 5.700 530 22.000 
8 20 1.300 260 4.800 
3 Water table in the waste body 
Water table in the waste bodies is typically raised which increases groundwater 
pollution (Table 3). Low water conductivity in the landfill body limits the use of 
vertical pumping. High water table has also negative effect on landfill gas collec-
tion. In order to lower water table perforated drainage pipe of 95 m long and 160 
mm in diameter were installed afterwards in the 12 high landfill body. 14% of the 
total leachate amount has flown through the pilot pipe. 
Table 3. Saturated, unsaturated and total height of the studied eight landfills of pulp and paper industry as well as 
number of observation tubes. 
Landfill 	site Number of 
observation tubes 
Saturated height 
(m) 
Unsaturated 
height (m) 
Total 	height 
(m) 
I 4 6,3 10,5 16,8 
2 3 5,4 6,0 11,4 
3 3 2,5 10,6 13,1 
4 5 8,4 4,! 12,5 
5 4 6,0 5,5 11,5 
6 2 1,0 10,8 11,8 
7 5 3,1 4,4 7,5 
8 2 5,0 14,5 19,5 
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4 Methane gas concentration in the waste body 
High methane concentrations were detected from every studied landfill of pulp 
and paper industry (Table 4). The minimum values do not mean low methane 
concentrations but location of perforated part of the observation pipe below the 
water table preventing gas flow. Maximum overpressure from the observation pipe 
50 mm in diameter was higher than 100 mbar and energy potential higher than 0,5 
MW achieved from a waste disposal site of pulp and paper industry When land-
fill gas release to the armosphere is lower biological methane oxidation can be 
applied. High methane gas oxidation rates have been achieved when fiber wastes 
were used as top cover of a landfill site (Maurice et al. 1999). 
Table 4. Methane concentrations in the landfills gas at the studied eight landfills of pulp and paper industry 
Landfill 	site Number of 
samples Average 
Methane concentration (%-vol.) 
Minimum Maximun 
I 4 16 0 45 
2 8 26 0 52 
3 4 26 0 53 
4 5 52 47 56 
5 8 43 2 57 
6 4 29 0 56 
7 10 II 0 51 
8 4 36 0 53 
5 Conclusions 
Organic load is the most important parameter of the landfill leachate of pulp and 
paper industry. Average CODEr concentration in the water in the landfill body is 
4.500 mgO2/1 indicating the need for leachate treatment. Water table in waste bod-
ies is typically raised which increases groundwater pollution. Average hight of the 
saturated waste is 4,7 m. In order to lower the water table 12 m high waste body 
was afterwards equipped with a 95 m long drainage pipe 160 mm in diameter. 
Methane gas has been detected in every landfill site of pulp and paper industry. 
Low hydraulic conductivity of fiber wastes limits the possibility to lower the wa-
ter table and collect the landfill gas. Landfill characteristics of pulp and paper 
industry are different from those at sanitary landfills. Landfill characteristics have 
to be studied case by case in order to estimate the environmental load potential 
and to make the protective measures. 
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Abstract 
Pine or spruce needles can be used in monitoring of atmospheric pollution on 
global, regional and local levels. Different extraction, purification and derivatiza-
tion methods were tested. Derivatization with pentafluorobenzyl bromide and 
consequent analyses by GC-ECD was found feasible for the chlorinated acids (CAs), 
except for trichloroacetic acid (TCA). Most part of polychlorinated phenols (PCPs) 
in needles are bound to the plant material and need alkali treatment for extraction. 
The pulp mill could not be shown to be the source of the quite low concentrations 
of CAs in the needles in the vicinity of the mill. Three guaiacols, 2,3,4,6-tetrachlo-
rophenol and pentachlorophenol, observed in concentrations up to 100-300 ng/g 
in dried needles, probably originate from the pulp mill. 
Keywords: chlorophenols, trichloroacetic acid, pine needles, biomonitoring 
I Introduction 
The main physico-chemical properties affecting the uptake of organic chemicals 
by plants are molecular weight, aqueous solubility, vapour pressure and octanol/ 
water partition coefficient (Paterson et al., 1991). Environmental factors such as 
temperature, wind velocity and direction, and the contents of organic material, 
water and minerals in the soil are important. Plant physiological properties such 
as structure of the plant, lipid content of the plant tissues and metabolism are of 
crucial importance for bioconcentration. Different plant species have been used to 
study atmospheric pollution. The needles of coniferous trees have a large surface 
area. The needles are covered by a wax layer, which have been found to accumu-
late (lipophilic) compounds from the surrounding air. Lipophilic pollutants can 
be adsorbed directly from the gas phase to this wax layer (Strachan et al., 1994). 
Bioaccumulation occurs mainly through air when the octanol/water coefficient is 
large. 
TCA is an ubiquitous pollutant in Central and Northern Europe. TCA and 
several of its derivatives are phytotoxic. TCA is known to bioaccumulate in coni-
fer needles. Concentrations in the range of 2-150 ng/g fresh weight have been 
measured in Finland and in Central Europe. Generally the concentrations of mon-
ochloroacetic acid (MCA) and dichloroacetic acid (DCA) are on a lower level (Juu-
ti et al., 1993). Pentachlorophenol (PeCP) is transported long distances through 
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air. In pine needles from several European countries PeCP concentrations (1984-
1986) ranged from zero to 1.39 ng/g in needle wax (Jensen et al., 1992) and in 
Canada from 0.42 to 2.08 ng/g (Thompson and Treble, 1995). 
Pulp and paper industry is known to be a significant source of the environ-
mental pollution by chlorinated organic compounds. PCPs, especially PeCP, are 
known artifacts from wood preservation and chlorobleaching in pulp mills. Chlo-
rinated acetic acids are abundant in the acidic fraction of kraft bleaching plant 
effluents (Lindström and Österberg, 1986). Concentrations as high as 800 g/L of 
MCA, 4500 g/L of DCA and 7600 g/L of TCA in untreated bleaching plant efflu-
ents have been observed (Yu and Welander, 1994). The evaporation from waste 
water and activated sludge treatment plants and subsequent transportation by air 
is a possible route of these to environment. TCA concentrations as high as 276 g/ 
g have been measured in pine needles in the vicinity of pulp mills which use C1O2 
(Juuti et al., 1995). 
The aim of this work was to develop methods for the analyses of CAs and 
PCPs in the needles to be used in the follow up study of the possible distribution 
of this kind of compounds from pulp and paper mills. 
2 Materials and methods 
2.1 Compounds studied 
PCPs selected for the analyses were 2,6-dichlorophenol (26DCP), 2,4-dichlorophe-
nol (24DCP), 2,4,6-trichlorophenol (246TCP), 2,3,6-trichlorophenol (236TCP), 2,4,5-
trichlorophenol (245TCP), 4,5-dichloroguaiacol (45DCG), 2,3,4,6-tetrachlorophe-
nol (2346TeCP), 3,4,5-trichloroguaiacol (345TCG), 4,5,6-trichloroguaiacol (456TCG), 
PeCP, 3,4,5-trichlorocatechol (345TCC), tetrachloroguaiacol (TeCG) and tetrachlo-
rocatechol (TeCC) and CAs selected for the analyses were three chlorinated acetic 
acids (CAAs); MCA, DCA, TCA and three chlorinated propionic acids (CPAs); 2-
chloropropionic acid (2CPA), 2,2-dichloropropionic acid (22DCPA) and 2,3-dichlo-
ropropionic acid (23DCPA). Some samples were analysed for chlorinated anisoles 
and veratroles. 
2.2 Environmentally relevant properties of CAAs and PCPs 
MCA, DCA and TCA are hydrophilic compounds with low octanol/water parti-
tion coefficients (Kotas). CAAs are completely ionized in environmental conditions 
and evaporation from water is not significant (Bowden et al. 1997). Uptake by 
roots from soil is a possible route for TCA into needles (Juuti, 1997). Because of its 
low log Kota (<1 —1.60), transport as ions across the concentration gradient under 
wet conditions may be possible (Burkhard and Biden, 1994). All chlorinated acetic 
acids are biodegradable (Yu and Welander, 1994). Frank (1991) has reported a half-
life of 10 days for TCA in spruce needles. Thus needle TCA levels may represent a 
steady state between uptake and loss (Juuti, 1997). It is possible that TCA and 
other CAs are transformation products of Cz chlorohydrocarbons and other com-
pounds formed inside the needles (Frank et al., 1992, Plumacher 1995). The log 
Kota values of PCPs, in the range of 3 to 5, make possible the direct uptake of PCPs 
from the air to the needle surface wax layer. 
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2.3 Needle samples 
Pine needles have been collected from eight sampling points in the vicinity of the 
pulp and paper mill in August 1996 (Sinkkonen et al., 1997a). The plant is situated 
on the coast of the Gulf of Bothnia. The use of chlorine chemicals in the pulp mill 
began in year 1976. In time processes and effluent treatment methods have been 
improved. Today, instead of chlorine, bleaching is done with oxygen and chlorine 
dioxide. Since 1983, waste from the pulp mill, saw mill and paper mill has been 
incinerated there. The sampling points of the needles were chosen based on a dis-
tribution model of sulphur dioxide in that area (Finnish Meteorological Institute, 
1993). The samples were taken from a height of 3-4 m. Each sample contained 
needles at least from five trees. The age of the trees was about 10-20 years. The 
needles were classified to three groups due to their age; 1-, 2-, and 3-years old 
needles (from years 1996, 1995 and 1994, respectively). The needles were packed 
in aluminium foils and plastic bags and stored at -20 °C. 
2.4 Preparation of the analyses fractions 
Different ways of extraction and chromatographic separation were tried to ana-
lyze the chlorinated acids. XAD adsorbents and ion exchange resins were tried in 
the isolation and derivatization of Gas (Figure 1.). 
Ion-exchange resin I 4 	Needle extract 	 in - hexane 
	
Adsorbent 	or dichloromethane Standard solution of acids 	
acetone 
water 
ethanoVwater or 
Shaking 	I 	 10 % NaHCO 3 in water 
Standing for 1 h 
Don-exchange resin I 	I 	Solution 
Adsorbent 
Addition of acetone, 
K2CO3 and PFBBr 	 1. Evaporation of solvent 
2. If water, first addition of NaCI and 
Derivatization at 60 °C for 2h 	
H 2SO4, and extraction with hexane 
3. Addition of acetone, K 2003 and PFBBr 
Acids as PFB derivatives in acetone 
1. Evaporation of acetone 
2. Addition of hexane 
3. Washing 2-3 times with water 
4. Evaporation of the hexane to small volume 
Analyses with GC/ECD or GC/MS 
Figure 1. Experiments to use XAD adsorbents and ion exchange resins in the analyses of CAs. 
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Ultrasonic extraction with water of the powdered needles was found to be effi-
cient. For the analysis of chlorinated acids 6 g of fresh needles were taken for each 
sample The needles were ground under liquid nitrogen and extracted twice with 
10-15 mL ultrapure water by shaking and by ultrasonic treatment for 30 min. The 
pH was adjusted to <1, 0.5 g of NaCl was added and the samples were shaken 
twice with 5 mL of hexane. The volumes of the combined hexane extracts were 
reduced to 5-10 L. The acids were analyzed as their pentafluorobenzyl (PFB) es-
ters. For derivatization 500 L of acetone, 50 L of 30% K2CO3 solution and 500 L of 
pentafluorobenzyl bromide (PFBBr) (2.2 mg/mL) in acetone were added. The tubes 
were closed tightly and warmed in water bath at 60 °C for two hours (Sinkkonen 
et al., 1998). Washing with water and silicagel chromatography were used to ob-
tain the analysis fractions. More information on the preparation of the PFB deriv-
atives of the chlorinated acids and the methods for the analyses of the chlorinated 
acids in pine needles can be found elsewhere (Sinkkonen et al., 1995, 1998). For the 
analysis of PCPs 15-20 of needles were ground. The samples were extracted with 
hexane. Free PCPs were analysed from the hexane solution and bound PCPs from 
the solid needle residue after an alkali treatment (Sinkkonen et al. 1997b). PCPs 
were analysed as their acetylates after acetylation with acetic anhydride. Purifica-
tion of the samples was done by aluminium oxide and silicagel column chroma-
tography. The exact description of the analytical methods have been published 
previously (Sinkkonen et al. 1997b). 
2.5 Quantitative determinations 
The analyses of the chlorinated acids was done by GC/ECD with a Nordion Mi-
cromat HRGC 412 gas chromatograph equipped with two 25-m quartz capillary 
columns. (NB-1701 and NB-54) and two Ni-63 EC detectors. GC/MS analyses were 
done with a Hewlett Packard 5970 mass selective detector connected to a Hewlett 
Packard 5890 gas chromatograph. PCPs were analysed in the selective ion moni-
toring (SIM) mode using the M', (M+2) and (M+4)+ values of the PCP acetates. 
3 Results 
Concentrations of the chlorinated acids in the needles were low and no significant 
differences between samples from different areas could be found. Concentrations 
of MCA, 2CPA and 23DCPA were below the limit of determination. The concen-
trations of DCA and 22DCPA were on ng/g level. TCA could not be determined 
quantitatively by this method. The reaction with PFBBr led to further reaction 
products (Figure 2.) (Sinkkonen et al., 1995). 
F 	 T I 	- HBr F 	Fl - HCI F 	
/CI 
® H ZBr + HOOC-LC-CI > F CH2 -~-Cl 	- F Q CH=C~ 
CI -CO2 	F CI F Cl 
Figure 2. Reaction between pentafluorobenzyl bromide and trichioroacetic acid. 
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45DCG, 345TCG, 456TCG, TeCG, 345TCC and TeCC have been found to be the 
most abundant bound and free PCPs in waste liquors bleaching stages C and E 
from pine kraft pulp mill (Paasivirta et al., 1992). Three chlorinated guaiacols 
45TCG, 456TCG and 345TCG, 2346TeCP and PeCP were found to be the most dom-
inated bound PCPs in pine needles collected from the surroundings of the same 
pulp and paper mill (Sinkkonen et al.,1997b). Concentrations higher than 100 ng/ 
g could be analysed in some samples. The concentrations of free PCPs were signif-
icantly lower than the concentrations of bound PCPs. 
4 Discussion 
Needle samples are easy to obtain. Samples can be easily collected and are obtain-
able from the same place for a long time because of the long life-time of the trees. 
Until now it is not clear to what extent the measured needle concentrations can be 
used to calculate the respective air concentrations. If equilibrium between the con-
centrations in air and needles is obtained, it should be possible to calculate the air 
concentrations from the needle concentration and the needle/air partition coeffi-
cient (Umlauf et al., 1994). 
Most of the phenolic compounds in needles were found to be bound to the 
plant material and were not extractable as such with organic solvents. Alkali treat-
ment was needed to remove the PCPs from the plant tissues. The concentrations 
of PCPs in three years old needles seemed to be higher than those in one and two 
years old needles. However, data on the persistence and metabolism of PCPs in 
needles is very scarce, as well as data on the mechanism and rate of uptake of 
chlorinated phenolic and acidic compounds by coniferous needles. 
Only chloroguaiacol and pentachlorophenol concentrations were significantly 
higher in pine needles near pulp mill and also near a metal scrap plant when com-
pared to background areas and area near waste incinerator (Sinkkonen et al.,1997b). 
However, more analyses are needed to draw any conclusions on possible environ-
mental hazards from airborne chlorophenolic and chloroacid contamination to 
forest ecosystem. 
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Microscopic structure and sulphur content of Scot pine needles were studied at 
different distances from a pulp mill in Central Finland. The aim of the study was 
to observe the responses of Scot pine needles to the emissions of the pulp mill by 
different bioindicator methods and find the most useful methods for monitoring 
this type of industrial environment. Since the earlier indicator study from the same 
environment in 1990, the emissions have been considerably cut down and a refer-
ence survey was therefore needed for monitoring possible improvements in the 
environment. 
The pulp mill (Metsäserla Ltd, Savon Sellu) is situated on an island 7 km 
from the city of Kuopio in Central Finland. The factory was established in 1968 
and produces pulp and fluting from birch by an ammoniumsulfite process. The 
main emissions from the pulp mill are SO2' NO, NH4 and particulates. 
Needle samples (c+1) were collected on April 1999. The 51 sample sites were 
situated 0.4-9.5 km from the mill. For needle microscopic analysis light, transmis-
sion and scanning electron microscopes were used. The sulphur content of Scots 
pine needles was analysed by the standard method (SFS 5738). 
The mean sulphur content of Scots pine needles was 1082 (g/l, and it varied 
in the range from 718 to 1737 (g/g. There was a significant correlation between the 
needle sulphur content and distance from the pulp mill. Sulphur contents over 
1300 (g/g were observed only at the distance of 0.4-0.6 km from the pulp mill. 
The results from the microscopic studies will be presented. 
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TRS- and VOC-measurements 
at kraft pulp mills 
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Abstract 
Total reduced sulphur (TRS) compounds are responsible for the characteristic odor 
from pulping processes. TRS compounds are mainly composed of hydrogen sulfide, 
methyl mercaptan, dimethyl disulfide and dimethyl sulfide. The most frequently 
used method to measure TRS-components is to use converter and S02-analyser. 
With this method it is possible to get only the total amount of sulphur compounds 
and no further specification of different TRS-compounds is obtained. 
Volatile organic compounds (VOC) are emitted from several different sourc-
es, and also from pulp and paper industry. Turpentine is an important byproduct 
that sulphate pulp mills sell for further processing. Turpentine is composed of 
different monoterpenes e.g a-pinene, (3-pinene, A-3-carene and limonene. In order 
to be able to calculate the balance sheet for turpentine it has to be measured con-
tinuously. 
The FTIR-spectrometries have been used for many years in research and an-
alytical laboratories but not until recently has their use become possible also in 
field analysers. This is due to the new interferometer solutions and more effective 
calculation methods. 
Therefore, in this study FTIR-technique has been studied to see its capabili-
ties to determine these above mentioned components. The FTIR-analyser used in 
these tests applies a multicomponent algorithm which has several advantages; it 
can measure with low resolution (for example 8 cm 1) which make signal-to-noise 
ratio high. The calibration is perfomed with pure gas components so there is no 
need to make several gas mixtures. The gas cell can be heated (up to 200°C) so 
there is no need for water vapour removal. 
The results from these tests show clearly that low-resolution FT-IR technique 
is suitable for TRS- and VOC-measurements in kraft pulp mills. 
Keywords: TRS, VOC, emissions, pulp mill 
I Introduction 
Continuous measurement of TRS compounds is often performed using a convert-
er and an S02-analyser. In the converter, the reduced sulphur compounds are ox-
idised into sulphur dioxide, which is then measured, for example, with an analys-
er based on UV-fluorescence. The information obtained is the sum of the reduced 
sulphur compounds. No specification of different species is obtained. However, 
the speciation would be useful because it can provide useful information to proc-
ess developments/improvements, as well as more suitable techniques in abate-
ment or recovery processes. Manual sampling methods are described e.g in EPA-
methods (EPA 16A). 
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Volatile organic compounds (VOC) are emitted from several different sourc-
es, and also from pulp and paper industry. Turpentine is an important byproduct 
that sulphate pulp mills sell for further processing. Turpentine is composed of 
different monoterpenes e.g a-pinene, 13-pinene, A-3-carene and limonene. In order 
to be able to calculate the balance sheet for turpentine it has to be measured con-
tinuously. VOC-measurements are normally carried out with analysers based in 
flame ionisation detectors (FID). Also here, the information obtained is the sum of 
hydrocarbon compounds and no further speciation of different compounds is ob-
tained. 
The conditions for gas measurements in kraft pulp mills are very challeng-
ing; the process gases usually contain a lot of moisture and also droplets of alka-
line substances. Therefore, special demands are set for the analyser and gas condi-
tioning used in these applications. 
The FT-IR technique is a sensitive, multicomponent analysis technique which 
has proved to be suitable for flue gas analysis in several different applications 
(Vahiman & Tormonen 1996). In this study the suitability of low resolution FT-IR 
technique for the measurement of TRS- and VOC-compounds in kraft pulp mills 
was studied. 
2 Experimental setup 
The FT-IR analysers used in the tests were GASMET FT-IR-analysers which have 
been developed in Finland by TEMET Instruments and they apply a multicompo-
nent algorithm for data analysis developed in the University of Turku, Finland. 
This algorithm has several advantages; it can use low resolution spectra (for ex-
ample 8 cm') which have high signal-to-noise ratio. The calibration is performed 
with single component gases, so there is no need to make several gas mixtures as 
with some multicomponent algorithms. The gas cell is heated so there is no need 
for water vapour removal. 
The analysers used for TRS-measurements were manufactured by Thermo 
Electron, models 43 A and 43B. They were based on UV-fluorescence. The meas-
urement ranges were 20 ppm and 100 ppm SO2, respectively. The converter model 
was Nova Model CDN-101. The dilution probe was made by Environmental & 
Process Monitoring, EPM model 797. 
In all the tests, a dilution probe was used with the TRS analyser. Compressed 
air which was dried and scrubbed free from SO2 was used for dilution. The tem-
perature of the TRS converter was 850°C during the field tests. 
FT-IR measurements were performed either after dilution or as "direct meas-
urement" using a heated probe and heated sample lines which were kept at the 
temperature of 150°C. In all the tests, the measurement cell was also heated to 
150°C. The heated quartz wool coarse filters were used in the tests to remove the 
particulate matter from the sample gas. 
The dilution factors were determined by introducing calibration gas of known 
concentration into the probe and measuring the response with an TRS analyser. 
The dilution factors were also re-checked after the measurements. 
The reference spectra for FT-IR analysers were recorded in the laboratory pri-
or to the performance of the field tests. Several concentrations of each component 
were measured in the laboratory either from calibration gases or from liquids. 
The tests were performed at two kraft pulp mills in Finland. The measured 
targets were 
a) degassing from the digester 
b) diluted odour gases. 
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When the measurements were performed in the degassing from the digester, the 
FT-IR and TRS measurement system used the dilution probe with two critical ori-
fices, and the FT-IR measurements were made after the first dilution and TRS 
measurements after the second dilution. 
In the diluted odour gases the FT-IR analyser used its own, heated measure-
ment line and the TRS measurement was made with dilution. This experimental 
set up is shown in Figure 1. 
S  Dilution probe 
T 
A Jr____ 
C Heated 
K filter 
Control 	 Converter 	 SOz 
unit 
FTIR-analyser 
Figure I. Experimental set up when measuring diluted odour gases. 
2 Results and conclusions 
All the TRS-concentrations were calculated as the sum of sulphur in m3 (mg/m3). 
From FT-IR results the sum of S is calculated from the sum of CH3SH + DMS + 
DMDS. (H2S can be measured with FT-IR only in high concentrations due to its 
weak absorbance.) 
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tl- 
Figure 2. Total amount of sulphur (in mg/ m3 ) in degassing from the digester measured by a 
conventional TRS-measurement method and the FT-JR technique. 
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Figure 3. Total amount of sulphur (in mg/m3) in diluted odour gases measured by a convention-
aITRS-measurement method and the FT-IR technique. 
VOC-components, specific to kraft pulp mills, such as methanol, ethanol and spe-
cies of turpentine; a-pinene, 3-pinene, 0-3-carene and limonene, were also contin-
uously measured with FT-IR analysers during the field tests. The results are pre-
sented in Figures 4 and 5. 
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Figure 4. Concentrations of terpene components measured by the FT-IR technique in the degas-
sing from the digester. 
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Figure 5. Methanol and ethanol concentrations measured by FT-IR-technique from the kraft 
pulp mill. 
For every situation measured there is a tailor-made analysing method for FT-IR-
analyser. In each method there are several reference spectra. In particular, several 
water spectra have to be used in the method when analysing wet process gases. It 
was noticed that the successful analysis of water was extremely important be-
cause it also affects the analysis of other components 
As shown in Figures 3-4, the measured TRS-concentrations with two differ-
ent techniques are in good agreement with each other. The average relative differ-
ences between the results of FT-IR analyser and conventional TRS measurement 
method ranged from =1.5 — 5% calculated for S. This small bias is most probably 
due to the different sampling techniques (diluted versus undiluted gas). 
However, it should be noted that in the measured targets from digester area 
usually only small amounts of H2S are present. FT-IR analyser can measure H2S 
only in high concentrations because its absorbance is weak. 
The speciation of different turpentine components can also be performed with 
FT-IR-measurements as shown in Figures 4 and 5. 
Water vapour concentrations could also be continuously measured. The 
H2O concentrations varied from a few per cent to about 80% in the measured tar-
gets. When calculating the emissions, it is very important to know the accurate 
water concentration in the sample gas because variations in water concentrations 
also mean variations in the gas density and, on the other hand, gas density is used 
in gas flow calculations. 
As a conclusion, it can be said that the low resolution FT-IR technique is suit-
able for VOC- and TRS-measurements in kraft pulp mills. 
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Strategies to change atmospheric 
environmental impact profiles -
Controllin9 greenhouse as 
emissions by adopting the right 
strategy 
Petri Vasara and Katja Lillandt 
Jaakko Pöyry Consulting Oy, P.O. Box 4, FIN-01621 Vantaa, Finland 
Abstract 
To clarify the need for strategies prompted by the Kyoto protocol, a three-step 
procedure was followed. First, four countries representing the full spectrum of 
emission profiles in the Western European pulp and paper industry were chosen 
as examples (Germany, Finland, Italy and Norway). For these countries, simulat-
ed GHG emissions for mills producing newsprint, recycled fibre-based pulp and 
kraft pulp were calculated. The results were used to outline a Kyoto-strategic port-
folio of three options: purchasing, engineering and trading. It seems that though 
there was no general rule, a country/company should adopt combinations of all 
three options for a successful greenhouse gas reduction strategy. No option alone 
appeared to be sufficient to reduce the emissions to the likely reduction levels 
except in specific cases. 
I introduction 
The last few years brought at least one revolution that was good for the consumer 
(presumably) but troublesome for the Life Cycle Assessment (LCA) practitioner. 
The increasing liberalisation of the energy markets threatens to make old-style, 
national-energy-grid-LCA's dangerously out of synch with reality in many places. 
All the while, national solutions still exist and must be examined numerically with-
out resorting to full probabilistic chaos. Simultaneously, market liberalisation and 
the Kyoto protocol focussing on CO2-reduction highlight the need for carefully 
thought-out energy strategies. During the last few years, the Kyoto Protocol and 
the impact of greenhouse gases on climate change has actually received major 
attention on the international agenda. This attention has been focused on finding 
possible reduction targets on the international as well as on the national level. In 
concrete terms this means that each country should try to identify the most profit-
able reduction target in its infrastructure. Our logic in this paper is in three parts: 
• there is a basic national level of atmospheric environmental impacts of the 
pulp and paper industry 
• there are three main options to use in changing the atmospheric environ-
mental impact profile 
• a national/company impact reduction strategy is a combination of the three 
O
main options 
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2 Methodology: There is a basic national level of 
atmospheric environmental impacts of the pulp and 
paper industry 
We concentrated the first step of our analysis on pulping: deinked, mechanical 
and the chemical variety. Here most important sources were identified. The emis-
sions for these processes were determined with a pulp and paper simulation pro-
gram, IMPACT' and the National Greenhouse Gas emission guidelines given by 
IPCC (Intergovernmental Panel of Climate Change). The emissions related to pur-
chased fuel or grid electricity were calculated with the formula below which rep-
resents the Tier 1 method from "The IPCC National Greenhouse Gas Inventories". 
With this formula, country specific emission coefficients can be determined through 
the input of national fuel mixes. 
Equation I. The IPCC formula for calculation CO2 emissions (IPCC 1996). 
Fuel(Unit) x conversion factor(TJ~n.t) global emission factor(CJj ) 
g 
x 10- ( Gg) x fraction carbon oxidised x 44 
mol = mo=(Gg) 
12 g 
mol 
Four countries were chosen as examples: Germany, Finland, Italy and Norway. 
These countries were chosen because they present the full spectrum of emission 
profiles in the Western European pulp and paper industry, Germany having the 
biggest and Norway the smallest emissions. Finland and Italy are examples of 
countries with average emission rates but different impact profiles. The emission 
factors calculated according to the formula above give the results that can be seen 
below. 
cot emission factors (Gg CO rJ) 
0,25 
0,20 
0,15 
0,10 
0,05 
0,00 
Finland 	Germany 	Italy 	Norway 
Figure I. CO2 emission factors for selected countries. 
IMPACT is o mill simulation program capable ordetermining the most important materials flows for o pulp or paper process. 
This program includes special files for emission dato, waste generation, raw materials consumption ond energ/ use. 
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3 Results — Calculation of GHG emissions from 
selected pulp and paper mills 
When the emission factors from the figure above are used to estimate GHG emis-
sions from different pulp and paper mills it becomes evident that the external fuel 
mix and the mix of the grid electricity (assumed to be stable) are the most impor-
tant sources of fossil GHG. Our example countries are presented below using the 
means of case mills: a non-integrated kraft pulp mill, an integrated RCF mill pro-
ducing newsprint and an integrated newsprint mill using TMP as the main fibre 
raw material. It is important to bear in mind that the results above are calcula-
tions, not measurements. They do not contain information about how efficient 
different processes in the selected countries are or any other country-specifics. 
Especially for mechanical pulping the origin of purchased electricity turns out to 
be of extreme importance. As its own process is no source of electricity, the news-
print mill is forced to use external energy sources. This brings about a direct rela-
tionship between mill emissions and the purchased electricity mix. The impor-
tance of a purchasing strategy is obvious. 
INTEGRA' 
TMP MILL 
PRODUCI. 
NEWSPRI 
Largest sh 
Hydropow 
Largest share 
Second large 
Nuclear 
Large share 
petroleum 
ower, 
Figure 2. CO2 emissions from newsprint mills in selected countries. 
In the RCF mill producing newsprint, the fossil GHG emissions are generated 
from almost the same sources as in mechanical pulping. 
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RCF BASED 
NEWSPRINT MI 
t COIADt from a RCF mill 
>= 0 t CO2JADt 
® >= 0.2 t CO2/ADt 
>= 0.4 t CO2/ADt 
■ >= 0.5 t CO2/ADt 
Figure 3. CO2 emissions from RCF pulp mill in selected countries. 
Kraft pulp mills have small fossil GHG emissions. Being self-sufficient in energy 
production through the use of wood and organic liquors, their only fossil GHG 
emissions stem from the use of fuel oil in the limekiln, together with the presence 
of some support fuels. 
KRAFT PULP W 
Figure 4. CO2 emissions from non-integrated kraft pulp mills in selected countries. 
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4 Discussion — There are three main options to use in 
changing the atmospheric environmental impact 
profiles 
To change the profiles for atmospheric environmental impact, the three main op-
tions are 
• changes in technology (engineering) 
• utilising energy market liberalisation for changes in energy furnish (pur-
chasing) 
• using the Kyoto mechanisms (trading, mainly) 
In our analysis, we estimated changes in atmospheric environmental impacts for 
each of these three main options and four countries. The Kyoto mechanisms, of 
course, being undefined at this stage, provide the least reliable estimate and repre-
sent a political rather than factual change. However, it was felt to be necessary to 
include this option as a benchmark for the others. 
5 Conclusions —A national/company impact reduction 
strategy is a combination of the three main options 
It is clear, naturally, that the changes on the markets have not given a single mill 
total power over its GHG emissions. Its external electricity suppliers, competing 
on liberalised markets; its technology suppliers, competing with GHG-reducing, 
cost-efficient technology; and, finally, its strategists, operating at the Kyoto trad-
ing tables all have a role to play. Moreover, it seems that though there was no 
general rule, a country/company should adopt combinations of all three options 
for a successful greenhouse gas reduction strategy — the latter becoming a mixed 
strategy of different mixes (furnish, technology, trading options). No option alone 
seemed to be sufficient to reduce the emissions to the likely reduction levels ex-
cept in specific cases. 
The GHG strategy problem can be visualised as "The GHG Traffic Circle". 
The traffic circle below in Fig. 5 has three exits. Each exit is a possible option for 
resolving the GHG problem. 
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THE TRAFFIC CIRCLE: 
three optionslexits for the optimal 
greenhouse gas reduction strategy 
PURCHASDNG 
On the liberalised energy market the 
options available for the purchasing 
agent are numerous. 
ENGDNEERDNG  
Process optimisation 
investments in new 
technology (including 
innovative control  
techniques) are usable 
options. 
TRADDNG 
Dn using the Kyoto mechanisms 
Joint Dmplementation (JD), Clean 
Development Mechanism projects 
(CDM) and Emission Trading (ET) 
there may be possibilities to reduce 
emissions (so to speak) by investing 
abroad. 
Figure 5. The GHG Reduction Traffic Circle. 
A successful exit from the GHG reduction loop is akin to solving the problem 
"how does a group of little men representing a mill's options remove themselves 
from a traffic circle through three exits?" The use of the "traffic " image is no coin-
cidence: traffic is also literally one of the keys to the GHG emission problem. It 
may be that without significant measures for traffic, no combination of the three 
GHG options above is enough. 
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